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Preface 



The continuing popularity of Microwave Engineering is gratifying. I have received many 
letters and emails from students and teachers from around the world with positive com- 
ments and suggestions. I think one reason for its success is the emphasis on the funda- 
mentals of electromagnetics, wave propagation, network analysis, and design principles 
as applied to modern RF and microwave engineering. As I have stated in earlier editions, 
I have tried to avoid the handbook approach in which a large amount of information is 
presented with little or no explanation or context, but a considerable amount of material 
in this book is related to the design of specific microwave circuits and components, for 
both practical and motivational value. I have tried to base the analysis and logic behind 
these designs on first principles, so the reader can see and understand the process of ap- 
plying fundamental concepts to arrive at useful results. The engineer who has a firm grasp 
of the basic concepts and principles of microwave engineering and knows how these can 
be applied toward practical problems is the engineer who is the most likely to be rewarded 
with a creative and productive career. 

For this new edition I again solicited detailed feedback from teachers and readers for 
their thoughts about how the book should be revised. The most common requests were 
for more material on active circuits, noise, nonlinear effects, and wireless systems. This 
edition, therefore, now has separate chapters on noise and nonlinear distortion, and ac- 
tive devices. In Chapter 10, the coverage of noise has been expanded, along with more 
material on intermodulation distortion and related nonlinear effects. For Chapter 11, on 
active devices, I have added updated material on bipolar junction and field effect transis- 
tors, including data for a number of commercial devices (Schottky and PIN diodes, and Si, 
GaAs, GaN, and SiGe transistors), and these sections have been reorganized and rewritten. 
Chapters 12 and 13 treat active circuit design, and discussions of differential amplifiers, 
inductive degeneration for nMOS amplifiers, and differential FET and Gilbert cell mix- 
ers have been added. In Chapter 14, on RF and microwave systems, I have updated and 
added new material on wireless communications systems, including link budget, link mar- 
gin, digital modulation methods, and bit error rates. The section on radiation hazards has 
been updated and rewritten. Other new material includes a section on transients on trans- 
mission lines (material that was originally in the first edition, cut from later editions, and 
now brought back by popular demand), the theory of power waves, a discussion of higher 
order modes and frequency effects for microstrip line, and a discussion of how to deter- 
mine unloaded Q from resonator measurements. This edition also has numerous new or 
revised problems and examples, including several questions of the "open-ended" variety. 
Material that has been cut from this edition includes the quasi-static numerical analysis of 
microstrip line and some material related to microwave tubes. Finally, working from the 
original source files, I have made hundreds of corrections and rewrites of the original text. 
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vi Preface 

Today, microwave and RF technology is more pervasive than ever. This is especially 
true in the commercial sector, where modern applications include cellular telephones, 
smartphones, 3G and WiFi wireless networking, millimeter wave collision sensors for ve- 
hicles, direct broadcast satellites for radio, television, and networking, global positioning 
systems, radio frequency identification tagging, ultra wideband radio and radar systems, 
and microwave remote sensing systems for the environment. Defense systems continue to 
rely heavily on microwave technology for passive and active sensing, communications, and 
weapons control systems. There should be no shortage of challenging problems in RF and 
microwave engineering in the foreseeable future, and there will be a clear need for engi- 
neers having both an understanding of the fundamentals of microwave engineering and the 
creativity to apply this knowledge to problems of practical interest. 

Modern RF and microwave engineering predominantly involves distributed circuit 
analysis and design, in contrast to the waveguide and field theory orientation of earlier 
generations. The majority of microwave engineers today design planar components and in- 
tegrated circuits without direct recourse to electromagnetic analysis. Microwave computer- 
aided design (CAD) software and network analyzers are the essential tools of today's 
microwave engineer, and microwave engineering education must respond to this shift in 
emphasis to network analysis, planar circuits and components, and active circuit design. 
Microwave engineering will always involve electromagnetics (many of the more sophisti- 
cated microwave CAD packages implement rigorous field theory solutions), and students 
will still benefit from an exposure to subjects such as waveguide modes and coupling 
through apertures, but the change in emphasis to microwave circuit analysis and design 
is clear. 

This text is written for a two-semester course in RF and microwave engineering for 
seniors or first-year graduate students. It is possible to use Microwave Engineering with or 
without an electromagnetics emphasis. Many instructors today prefer to focus on circuit 
analysis and design, and there is more than enough material in Chapters 2, 4-8, and 10-14 
for such a program with minimal or no field theory requirement. Some instructors may wish 
to begin their course with Chapter 14 on systems in order to provide some motivational 
context for the study of microwave circuit theory and components. This can be done, but 
some basic material on noise from Chapter 10 may be required. 

Two important items that should be included in a successful course on microwave 
engineering are the use of CAD simulation software and a microwave laboratory experi- 
ence. Providing students with access to CAD software allows them to verify results of the 
design-oriented problems in the text, giving immediate feedback that builds confidence and 
makes the effort more rewarding. Because the drudgery of repetitive calculation is elimi- 
nated, students can easily try alternative approaches and explore problems in more detail. 
The effect of line losses, for example, is explored in several examples and problems; this 
would be effectively impossible without the use of modern CAD tools. In addition, class- 
room exposure to CAD tools provides useful experience upon graduation. Most of the 
commercially available microwave CAD tools are very expensive, but several manufactur- 
ers provide academic discounts or free "student versions" of their products. Feedback from 
reviewers was almost unanimous, however, that the text should not emphasize a particular 
software product in the text or in supplementary materials. 

A hands-on microwave instructional laboratory is expensive to equip but provides the 
best way for students to develop an intuition and physical feeling for microwave phenom- 
ena. A laboratory with the first semester of the course might cover the measurement of 
microwave power, frequency, standing wave ratio, impedance, and scattering parameters, 
as well as the characterization of basic microwave components such as tuners, couplers, 
resonators, loads, circulators, and filters. Important practical knowledge about connectors, 
waveguides, and microwave test equipment will be acquired in this way. A more advanced 
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laboratory session can consider topics such as noise figure, intermodulation distortion, and 
mixing. Naturally, the type of experiments that can be offered is heavily dependent on the 
test equipment that is available. 

Additional resources for students and instructors are available on the Wiley website. 
These include PowerPoint slides, a suggested laboratory manual, and an online solution 
manual for all problems in the text (available to qualified instructors, who may apply for 
access at the website http://he-cda.wiley.com/wileycda/). 

ACKNOWLEDGMENTS 

It is a pleasure to acknowledge the many students, readers, and teachers who have used 
the first three editions of Microwave Engineering, and have written with comments, praise, 
and suggestions. I would also like to thank my colleagues in the microwave engineering 
group at the University of Massachusetts at Amherst for their support and collegiality over 
many years. In addition I would like to thank Bob Jackson (University of Massachusetts) 
for suggestions on MOSFET amplifiers and related material; Juraj Bartolic (University of 
Zagreb) for the simplified derivation of the /x -parameter stability criteria; and Jussi Rahola 
(Nokia Research Center) for his discussions of power waves. I am also grateful to the 
following people for providing new photographs for this edition: Kent Whitney and Chris 
Koh of Millitech Inc., Tom Linnenbrink and Chris Hay of Hittite Microwave Corp., Phil 
Beucler and Lamberto Raffaelli of LNX Corp., Michael Adlerstein of Raytheon Company, 
Bill Wallace of Agilent Technologies Inc., Jim Mead of ProSensing Inc., Bob Jackson 
and B. Hou of the University of Massachusetts, J. Wendler of M/A-COM Inc., Mohamed 
Abouzahra of Lincoln Laboratory, and Dev Gupta, Abbie Mathew, and Salvador Rivera 
of Newlans Inc. I would also like to thank Sherrill Redd, Philip Koplin, and the staff at 
Aptara, Inc. for their professional efforts during production of this book. Also, thanks to 
Ben for help with PhotoShop. 



David M. Pozar 
Amherst 



This page is intentionally left blank 



Contents 



ELECTROMAGNETIC THEORY 1 

1.1 Introduction to Microwave Engineering 1 

Applications of Microwave Engineering 2 
A Short History of Microwave Engineering 4 

1.2 Maxwell's Equations 6 

1.3 Fields in Media and Boundary Conditions 10 

Fields at a General Material Interface 12 Fields at a Dielectric Interface 14 

Fields at the Interface with a Perfect Conductor (Electric Wall) 14 

The Magnetic Wall Boundary Condition 15 The Radiation Condition 15 

1.4 The Wave Equation and Basic Plane Wave Solutions 15 

The Helmholtz Equation 15 Plane Waves in a Lossless Medium 16 
Plane Waves in a General Lossy Medium 17 
Plane Waves in a Good Conductor 19 

1.5 General Plane Wave Solutions 20 

Circularly Polarized Plane Waves 24 

1.6 Energy and Power 25 

Power Absorbed by a Good Conductor 27 

1.7 Plane Wave Reflection from a Media Interface 28 

General Medium 28 Lossless Medium 30 
Good Conductor 3 1 Perfect Conductor 32 
The Surface Impedance Concept 33 

1.8 Oblique Incidence at a Dielectric Interface 35 

Parallel Polarization 36 Perpendicular Polarization 37 
Total Reflection and Surface Waves 38 

1.9 Some Useful Theorems 40 

The Reciprocity Theorem 40 Image Theory 42 



ix 



x Contents 

2 



TRANSMISSION LINE THEORY 48 

2.1 The Lumped-Element Circuit Model for a Transmission Line 48 

Wave Propagation on a Transmission Line 50 The Lossless Line 51 

2.2 Field Analysis of Transmission Lines 51 

Transmission Line Parameters 5 1 

The Telegrapher Equations Derived from Field Analysis of a Coaxial Line 54 
Propagation Constant, Impedance, and Power Flow for the Lossless 
Coaxial Line 56 

2.3 The Terminated Lossless Transmission Line 56 

Special Cases of Lossless Terminated Lines 59 

2.4 The Smith Chart 63 

The Combined Impedance-Admittance Smith Chart 67 
The Slotted Line 68 

2.5 The Quarter- Wave Transformer 72 

The Impedance Viewpoint 72 The Multiple-Reflection Viewpoint 74 

2.6 Generator and Load Mismatches 76 

Load Matched to Line 77 Generator Matched to Loaded Line 77 
Conjugate Matching 77 

2.7 Lossy Transmission Lines 78 

The Low-Loss Line 79 The Distortionless Line 80 
The Terminated Lossy Line 81 

The Perturbation Method for Calculating Attenuation 82 
The Wheeler Incremental Inductance Rule 83 

2.8 Transients on Transmission Lines 85 

Reflection of Pulses from a Terminated Transmission Line 86 
Bounce Diagrams for Transient Propagation 87 



TRANSMISSION LINES AND WAVEGUIDES 95 

3.1 General Solutions for TEM, TE, and TM Waves 96 

TEM Waves 98 TE Waves 100 

TM Waves 100 Attenuation Due to Dielectric Loss 101 

3.2 Parallel Plate Waveguide 102 

TEM Modes 103 TM Modes 104 TE Modes 107 

3.3 Rectangular Waveguide 110 

TE Modes 110 TM Modes 115 

TE m o Modes of a Partially Loaded Waveguide 119 

3.4 Circular Waveguide 121 

TE Modes 122 TM Modes 125 

3.5 Coaxial Line 130 

TEM Modes 130 Higher Order Modes 131 



Contents xi 



3.6 Surface Waves on a Grounded Dielectric Sheet 135 

TM Modes 135 TE Modes 137 

3.7 Stripline 141 

Formulas for Propagation Constant, Characteristic Impedance, 

and Attenuation 141 An Approximate Electrostatic Solution 144 

3.8 Microstrip Line 147 

Formulas for Effective Dielectric Constant, Characteristic Impedance, 
and Attenuation 148 

Frequency-Dependent Effects and Higher Order Modes 150 

3.9 The Transverse Resonance Technique 153 

TEo„ Modes of a Partially Loaded Rectangular Waveguide 153 

3.10 Wave Velocities and Dispersion 154 

Group Velocity 155 

3.11 Summary of Transmission Lines and Waveguides 157 

Other Types of Lines and Guides 158 




MICROWAVE NETWORK ANALYSIS 1 65 



4.1 Impedance and Equivalent Voltages and Currents 166 

Equivalent Voltages and Currents 166 The Concept of Impedance 170 
Even and Odd Properties of Z(a>) and T(a>) 173 

4.2 Impedance and Admittance Matrices 174 

Reciprocal Networks 175 Lossless Networks 177 

4.3 The Scattering Matrix 178 

Reciprocal Networks and Lossless Networks 181 
A Shift in Reference Planes 184 

Power Waves and Generalized Scattering Parameters 185 

4.4 The Transmission (ABCD) Matrix 188 

Relation to Impedance Matrix 191 

Equivalent Circuits for Two-Port Networks 191 

4.5 Signal Flow Graphs 194 

Decomposition of Signal Flow Graphs 195 

Application to Thru-Re fleet-Line Network Analyzer Calibration 197 

4.6 Discontinuities and Modal Analysis 203 

Modal Analysis of an H-Plane Step in Rectangular Waveguide 203 

4.7 Excitation of Waveguides — Electric and Magnetic Currents 210 

Current Sheets That Excite Only One Waveguide Mode 210 

Mode Excitation from an Arbitrary Electric or Magnetic Current Source 212 

4.8 Excitation of Waveguides — Aperture Coupling 215 

Coupling Through an Aperture in a Transverse Waveguide Wall 218 
Coupling Through an Aperture in the Broad Wall of a Waveguide 220 



xii Contents 

5 

r IMPEDANCE MATCHING AND TUNING 228 

5.1 Matching with Lumped Elements (L Networks) 229 

Analytic Solutions 230 Smith Chart Solutions 231 

5.2 Single-Stub Tuning 234 

Shunt Stubs 235 Series Stubs 238 

5.3 Double-Stub Tuning 241 

Smith Chart Solution 242 Analytic Solution 245 

5.4 The Quarter- Wave Transformer 246 

5.5 The Theory of Small Reflections 250 

Single-Section Transformer 250 Multisection Transformer 251 

5.6 Binomial Multisection Matching Transformers 252 

5.7 Chebyshev Multisection Matching Transformers 256 

Chebyshev Polynomials 257 Design of Chebyshev Transformers 258 

5.8 Tapered Lines 261 

Exponential Taper 262 Triangular Taper 263 
Klopfenstein Taper 264 

5.9 The Bode-Fano Criterion 266 



MICROWAVE RESONATORS 272 

6.1 Series and Parallel Resonant Circuits 272 

Series Resonant Circuit 272 Parallel Resonant Circuit 275 
Loaded and Unloaded Q 277 

6.2 Transmission Line Resonators 278 

Short-Circuited A/2 Line 278 Short-Circuited A/4 Line 281 
Open-Circuited A/2 Line 282 

6.3 Rectangular Waveguide Cavity Resonators 284 

Resonant Frequencies 284 Unloaded Q of the TEio£ Mode 286 

6.4 Circular Waveguide Cavity Resonators 288 

Resonant Frequencies 289 Unloaded Q of the TE„ m ^ Mode 291 

6.5 Dielectric Resonators 293 

Resonant Frequencies of TEoi^ Mode 294 

6.6 Excitation of Resonators 297 

The Coupling Coefficient and Critical Coupling 298 
A Gap-Coupled Microstrip Resonator 299 
An Aperture-Coupled Cavity 302 

Determining Unloaded Q from Two-Port Measurements 305 

6.7 Cavity Perturbations 306 

Material Perturbations 306 Shape Perturbations 309 



Contents xiii 



POWER DIVIDERS AND DIRECTIONAL COUPLERS 31 7 

7.1 Basic Properties of Dividers and Couplers 317 

Three-Port Networks (T-Junctions) 318 
Four-Port Networks (Directional Couplers) 320 

7.2 The T- Junction Power Divider 324 

Lossless Divider 324 Resistive Divider 326 

7.3 The Wilkinson Power Divider 328 

Even-Odd Mode Analysis 328 

Unequal Power Division and N-Way Wilkinson Dividers 332 

7.4 Waveguide Directional Couplers 333 

Bethe Hole Coupler 334 Design of Multihole Couplers 338 

7.5 The Quadrature (90°) Hybrid 343 
Even-Odd Mode Analysis 344 

7.6 Coupled Line Directional Couplers 347 

Coupled Line Theory 347 Design of Coupled Line Couplers 35 1 
Design of Multisection Coupled Line Couplers 356 

7.7 The Lange Coupler 359 

7.8 The 180° Hybrid 362 

Even-Odd Mode Analysis of the Ring Hybrid 364 

Even-Odd Mode Analysis of the Tapered Coupled Line Hybrid 367 

Waveguide Magic-T 371 

7.9 Other Couplers 372 



MICROWAVE FILTERS 380 

8.1 Periodic Structures 381 

Analysis of Infinite Periodic Structures 382 
Terminated Periodic Structures 384 
k-fi Diagrams and Wave Velocities 385 

8.2 Filter Design by the Image Parameter Method 388 

Image Impedances and Transfer Functions for Two-Port Networks 388 
Constant-fc Filter Sections 390 m-Derived Filter Sections 393 
Composite Filters 396 

8.3 Filter Design by the Insertion Loss Method 399 

Characterization by Power Loss Ratio 399 
Maximally Flat Low-Pass Filter Prototype 402 
Equal-Ripple Low-Pass Filter Prototype 404 
Linear Phase Low-Pass Filter Prototypes 406 

8.4 Filter Transformations 408 

Impedance and Frequency Scaling 408 
Bandpass and Bandstop Transformations 41 1 



xiv Contents 



8.5 Filter Implementation 415 

Richards' Transformation 416 Kuroda's Identities 416 
Impedance and Admittance Inverters 421 

8.6 Stepped-Impedance Low-Pass Filters 422 

Approximate Equivalent Circuits for Short Transmission Line Sections 422 

8.7 Coupled Line Filters 426 

Filter Properties of a Coupled Line Section 426 
Design of Coupled Line Bandpass Filters 430 

8.8 Filters Using Coupled Resonators 437 

Bandstop and Bandpass Filters Using Quarter- Wave Resonators 437 
Bandpass Filters Using Capacitively Coupled Series Resonators 441 
Bandpass Filters Using Capacitively Coupled Shunt Resonators 443 



THEORY AND DESIGN OF FERRIMAGNETIC COMPONENTS 451 

9.1 Basic Properties of Ferrimagnetic Materials 452 

The Permeability Tensor 452 Circularly Polarized Fields 458 
Effect of Loss 460 Demagnetization Factors 462 

9.2 Plane Wave Propagation in a Ferrite Medium 465 

Propagation in Direction of Bias (Faraday Rotation) 465 
Propagation Transverse to Bias (Birefringence) 469 

9.3 Propagation in a Ferrite-Loaded Rectangular Waveguide 471 

TE m o Modes of Waveguide with a Single Ferrite Slab 471 

TE m o Modes of Waveguide with Two Symmetrical Ferrite Slabs 474 

9.4 Ferrite Isolators 475 

Resonance Isolators 476 The Field Displacement Isolator 479 

9.5 Ferrite Phase Shifters 482 

Nonreciprocal Latching Phase Shifter 482 

Other Types of Ferrite Phase Shifters 485 The Gyrator 486 

9.6 Ferrite Circulators 487 

Properties of a Mismatched Circulator 488 Junction Circulator 488 

NOISE AND NONLINEAR DISTORTION 496 

10.1 Noise in Microwave Circuits 496 

Dynamic Range and Sources of Noise 497 

Noise Power and Equivalent Noise Temperature 498 

Measurement of Noise Temperature 501 

10.2 Noise Figure 502 

Definition of Noise Figure 502 Noise Figure of a Cascaded System 504 
Noise Figure of a Passive Two-Port Network 506 
Noise Figure of a Mismatched Lossy Line 508 
Noise Figure of a Mismatched Amplifier 510 



Contents xv 



10.3 Nonlinear Distortion 511 

Gain Compression 512 Harmonic and Intermodulation Distortion 513 
Third-Order Intercept Point 515 Intercept Point of a Cascaded System 516 
Passive Intermodulation 519 

10.4 Dynamic Range 519 

Linear and Spurious Free Dynamic Range 519 

ACTIVE RF AND MICROWAVE DEVICES 524 

11.1 Diodes and Diode Circuits 525 

Schottky Diodes and Detectors 525 
PIN Diodes and Control Circuits 530 

Varactor Diodes 537 Other Diodes 538 Power Combining 539 

11.2 Bipolar Junction Transistors 540 

Bipolar Junction Transistor 540 He teroj unction Bipolar Transistor 542 

11.3 Field Effect Transistors 543 

Metal Semiconductor Field Effect Transistor 544 
Metal Oxide Semiconductor Field Effect Transistor 546 
High Electron Mobility Transistor 546 

11.4 Microwave Integrated Circuits 547 

Hybrid Microwave Integrated Circuits 548 
Monolithic Microwave Integrated Circuits 548 

11.5 Microwave Tubes 552 



MICROWAVE AMPLIFIER DESIGN 558 

12.1 Two-Port Power Gains 558 

Definitions of Two-Port Power Gains 559 
Further Discussion of Two-Port Power Gains 562 

12.2 Stability 564 

Stability Circles 564 Tests for Unconditional Stability 567 

12.3 Single-Stage Transistor Amplifier Design 571 

Design for Maximum Gain (Conjugate Matching) 571 

Constant-Gain Circles and Design for Specified Gain 575 

Low-Noise Amplifier Design 580 Low-Noise MOSFET Amplifier 582 

12.4 Broadband Transistor Amplifier Design 585 

Balanced Amplifiers 586 Distributed Amplifiers 588 
Differential Amplifiers 593 

12.5 Power Amplifiers 596 

Characteristics of Power Amplifiers and Amplifier Classes 597 
Large-Signal Characterization of Transistors 598 
Design of Class A Power Amplifiers 599 



OSCILLATORS AND MIXERS 604 



13.1 RF Oscillators 605 

General Analysis 606 Oscillators Using a Common Emitter BJT 607 
Oscillators Using a Common Gate FET 609 Practical Considerations 610 
Crystal Oscillators 612 

13.2 Microwave Oscillators 613 

Transistor Oscillators 615 Dielectric Resonator Oscillators 617 

13.3 Oscillator Phase Noise 622 

Representation of Phase Noise 623 

Leeson's Model for Oscillator Phase Noise 624 

13.4 Frequency Multipliers 627 

Reactive Diode Multipliers (Manley-Rowe Relations) 628 
Resistive Diode Multipliers 63 1 Transistor Multipliers 633 

13.5 Mixers 637 

Mixer Characteristics 637 Single-Ended Diode Mixer 642 

Single-Ended FET Mixer 643 Balanced Mixer 646 
Image Reject Mixer 649 

Differential FET Mixer and Gilbert Cell Mixer 650 Other Mixers 652 

INTRODUCTION TO MICROWAVE SYSTEMS 658 

14.1 System Aspects of Antennas 658 

Fields and Power Radiated by an Antenna 660 
Antenna Pattern Characteristics 662 
Antenna Gain and Efficiency 664 
Aperture Efficiency and Effective Area 665 
Background and Brightness Temperature 666 
Antenna Noise Temperature and G/T 669 

14.2 Wireless Communications 671 

The Friis Formula 673 
Link Budget and Link Margin 674 
Radio Receiver Architectures 676 
Noise Characterization of a Receiver 679 
Digital Modulation and Bit Error Rate 681 
Wireless Communication Systems 684 

14.3 Radar Systems 690 

The Radar Equation 691 Pulse Radar 693 Doppler Radar 694 
Radar Cross Section 695 

14.4 Radiometer Systems 696 

Theory and Applications of Radiometry 697 Total Power Radiometer 699 
The Dicke Radiometer 700 

14.5 Microwave Propagation 701 

Atmospheric Effects 701 Ground Effects 703 Plasma Effects 704 



Contents xvii 



14.6 Other Applications and Topics 705 

Microwave Heating 705 Power Transfer 705 
Biological Effects and Safety 706 

APPENDICES 712 

A Prefixes 713 

B Vector Analysis 713 

C Bessel Functions 715 

D Other Mathematical Results 718 

E Physical Constants 718 

F Conductivities for Some Materials 719 

G Dielectric Constants and Loss Tangents for Some Materials 719 

H Properties of Some Microwave Ferrite Materials 720 

I Standard Rectangular Waveguide Data 720 

J Standard Coaxial Cable Data 721 

ANSWERS TO SELECTED PROBLEMS 722 



INDEX 725 



This page is intentionally left blank 



Electromagnetic Theory 



We begin our study of microwave engineering with a brief overview of the history and 
major applications of microwave technology, followed by a review of some of the fundamental 
topics in electromagnetic theory that we will need throughout the book. Further discussion of 
these topics may be found in references [1-8]. 



INTRODUCTION TO MICROWAVE ENGINEERING 

The field of radio frequency (RF) and microwave engineering generally covers the behavior 
of alternating current signals with frequencies in the range of 100 MHz (1 MHz = 10 Hz) 
to 1000 GHz (1 GHz = 10 9 Hz). RF frequencies range from very high frequency (VHF) 
(30-300 MHz) to ultra high frequency (UHF) (300-3000 MHz), while the term microwave 
is typically used for frequencies between 3 and 300 GHz, with a corresponding electrical 
wavelength between X — c/f— 10 cm and X—l mm, respectively. Signals with wave- 
lengths on the order of millimeters are often referred to as millimeter waves. Figure 1 . 1 
shows the location of the RF and microwave frequency bands in the electromagnetic spec- 
trum. Because of the high frequencies (and short wavelengths), standard circuit theory 
often cannot be used directly to solve microwave network problems. In a sense, standard 
circuit theory is an approximation, or special case, of the broader theory of electromag- 
netics as described by Maxwell's equations. This is due to the fact that, in general, the 
lumped circuit element approximations of circuit theory may not be valid at high RF and 
microwave frequencies. Microwave components often act as distributed elements, where 
the phase of the voltage or current changes significantly over the physical extent of the de- 
vice because the device dimensions are on the order of the electrical wavelength. At much 
lower frequencies the wavelength is large enough that there is insignificant phase variation 
across the dimensions of a component. The other extreme of frequency can be identified 
as optical engineering, in which the wavelength is much shorter than the dimensions of the 
component. In this case Maxwell's equations can be simplified to the geometrical optics 
regime, and optical systems can be designed with the theory of geometrical optics. Such 
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2 Chapter 1 : Electromagnetic Theory 
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FIGURE 1.1 The electromagnetic spectrum. 



techniques are sometimes applicable to millimeter wave systems, where they are referred 
to as quasi- optical. 

In RF and microwave engineering, then, one must often work with Maxwell's equa- 
tions and their solutions. It is in the nature of these equations that mathematical complexity 
arises since Maxwell's equations involve vector differential or integral operations on vec- 
tor field quantities, and these fields are functions of spatial coordinates. One of the goals 
of this book is to try to reduce the complexity of a field theory solution to a result that 
can be expressed in terms of simpler circuit theory, perhaps extended to include distributed 
elements (such as transmission lines) and concepts (such as reflection coefficients and scat- 
tering parameters). A field theory solution generally provides a complete description of the 
electromagnetic field at every point in space, which is usually much more information than 
we need for most practical purposes. We are typically more interested in terminal quanti- 
ties such as power, impedance, voltage, and current, which can often be expressed in terms 
of these extended circuit theory concepts. It is this complexity that adds to the challenge, 
as well as the rewards, of microwave engineering. 

Applications of Microwave Engineering 

Just as the high frequencies and short wavelengths of microwave energy make for diffi- 
culties in the analysis and design of microwave devices and systems, these same aspects 
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provide unique opportunities for the application of microwave systems. The following con- 
siderations can be useful in practice: 

• Antenna gain is proportional to the electrical size of the antenna. At higher frequen- 
cies, more antenna gain can be obtained for a given physical antenna size, and this 
has important consequences when implementing microwave systems. 

• More bandwidth (directly related to data rate) can be realized at higher frequencies. 
A 1% bandwidth at 600 MHz is 6 MHz, which (with binary phase shift keying 
modulation) can provide a data rate of about 6 Mbps (megabits per second), while 
at 60 GHz a 1% bandwidth is 600 MHz, allowing a 600 Mbps data rate. 

• Microwave signals travel by line of sight and are not bent by the ionosphere as are 
lower frequency signals. Satellite and terrestrial communication links with very high 
capacities are therefore possible, with frequency reuse at minimally distant locations. 

• The effective reflection area (radar cross section) of a radar target is usually propor- 
tional to the target's electrical size. This fact, coupled with the frequency character- 
istics of antenna gain, generally makes microwave frequencies preferred for radar 
systems. 

• Various molecular, atomic, and nuclear resonances occur at microwave frequencies, 
creating a variety of unique applications in the areas of basic science, remote sens- 
ing, medical diagnostics and treatment, and heating methods. 

The majority of today's applications of RF and microwave technology are to wire- 
less networking and communications systems, wireless security systems, radar systems, 
environmental remote sensing, and medical systems. As the frequency allocations listed 
in Figure 1 . 1 show, RF and microwave communications systems are pervasive, especially 
today when wireless connectivity promises to provide voice and data access to "anyone, 
anywhere, at any time." 

Modern wireless telephony is based on the concept of cellular frequency reuse, a tech- 
nique first proposed by Bell Labs in 1947 but not practically implemented until the 1970s. 
By this time advances in miniaturization, as well as increasing demand for wireless com- 
munications, drove the introduction of several early cellular telephone systems in Europe, 
the United States, and Japan. The Nordic Mobile Telephone (NMT) system was deployed 
in 1981 in the Nordic countries, the Advanced Mobile Phone System (AMPS) was intro- 
duced in the United States in 1983 by AT&T, and NTT in Japan introduced its first mobile 
phone service in 1988. All of these early systems used analog FM modulation, with their 
allocated frequency bands divided into several hundred narrow band voice channels. These 
early systems are usually referred to now as first- gene ration cellular systems, or 1G. 

Second- generation (2G) cellular systems achieved improved performance by using 
various digital modulation schemes, with systems such as GSM, CDMA, DAMPS, PCS, 
and PHS being some of the major standards introduced in the 1990s in the United States, 
Europe, and Japan. These systems can handle digitized voice, as well as some limited data, 
with data rates typically in the 8 to 14 kbps range. In recent years there has been a wide 
variety of new and modified standards to transition to handheld services that include voice, 
texting, data networking, positioning, and Internet access. These standards are variously 
known as 2.5G, 3G, 3.5G, 3.75G, and 4G, with current plans to provide data rates up to at 
least 100 Mbps. The number of subscribers to wireless services seems to be keeping pace 
with the growing power and access provided by modern handheld wireless devices; as of 
2010 there were more than five billion cell phone users worldwide. 

Satellite systems also depend on RF and microwave technology, and satellites have been 
developed to provide cellular (voice), video, and data connections worldwide. Two large 
satellite constellations, Iridium and Globalstar, were deployed in the late 1990s to provide 
worldwide telephony service. Unfortunately, these systems suffered from both technical 



4 Chapter 1 : Electromagnetic Theory 



drawbacks and weak business models and have led to multibillion dollar financial failures. 
However, smaller satellite systems, such as the Global Positioning Satellite (GPS) system 
and the Direct Broadcast Satellite (DBS) system, have been extremely successful. 

Wireless local area networks (WLANs) provide high-speed networking between com- 
puters over short distances, and the demand for this capability is expected to remain strong. 
One of the newer examples of wireless communications technology is ultra wide band 
(UWB) radio, where the broadcast signal occupies a very wide frequency band but with a 
very low power level (typically below the ambient radio noise level) to avoid interference 
with other systems. 

Radar systems find application in military, commercial, and scientific fields. Radar is 
used for detecting and locating air, ground, and seagoing targets, as well as for missile 
guidance and fire control. In the commercial sector, radar technology is used for air traffic 
control, motion detectors (door openers and security alarms), vehicle collision avoidance, 
and distance measurement. Scientific applications of radar include weather prediction, re- 
mote sensing of the atmosphere, the oceans, and the ground, as well as medical diagnostics 
and therapy. Microwave radiometry, which is the passive sensing of microwave energy 
emitted by an object, is used for remote sensing of the atmosphere and the earth, as well as 
in medical diagnostics and imaging for security applications. 

A Short History of Microwave Engineering 

Microwave engineering is often considered a fairly mature discipline because the funda- 
mental concepts were developed more than 50 years ago, and probably because radar, the 
first major application of microwave technology, was intensively developed as far back as 
World War II. However, recent years have brought substantial and continuing developments 
in high-frequency solid-state devices, microwave integrated circuits, and computer-aided 
design techniques, and the ever-widening applications of RF and microwave technology to 
wireless communications, networking, sensing, and security have kept the field active and 
vibrant. 

The foundations of modern electromagnetic theory were formulated in 1873 by James 
Clerk Maxwell, who hypothesized, solely from mathematical considerations, electromag- 
netic wave propagation and the idea that light was a form of electromagnetic energy. 
Maxwell's formulation was cast in its modern form by Oliver Heaviside during the period 
from 1885 to 1887. Heaviside was a reclusive genius whose efforts removed many of the 
mathematical complexities of Maxwell's theory, introduced vector notation, and provided 
a foundation for practical applications of guided waves and transmission lines. Heinrich 
Hertz, a German professor of physics and a gifted experimentalist who understood the the- 
ory published by Maxwell, carried out a set of experiments during the period 1887-1891 
that validated Maxwell's theory of electromagnetic waves. Figure 1.2 is a photograph of 
the original equipment used by Hertz in his experiments. It is interesting to observe that 
this is an instance of a discovery occurring after a prediction has been made on theoretical 
grounds — a characteristic of many of the major discoveries throughout the history of sci- 
ence. All of the practical applications of electromagnetic theory — radio, television, radar, 
cellular telephones, and wireless networking — owe their existence to the theoretical work 
of Maxwell. 

Because of the lack of reliable microwave sources and other components, the rapid 
growth of radio technology in the early 1900s occurred primarily in the HF to VHF range. 
It was not until the 1940s and the advent of radar development during World War II that 
microwave theory and technology received substantial interest. In the United States, the 
Radiation Laboratory was established at the Massachusetts Institute of Technology to de- 
velop radar theory and practice. A number of talented scientists, including N. Marcuvitz, 
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FIGURE 1.2 Original apparatus used by Hertz for his electromagnetics experiments. (1) 50 MHz 
transmitter spark gap and loaded dipole antenna. (2) Wire grid for polarization ex- 
periments. (3) Vacuum apparatus for cathode ray experiments. (4) Hot-wire gal- 
vanometer. (5) Reiss or Knochenhauer spirals. (6) Rolled-paper galvanometer. (7) 
Metal sphere probe. (8) Reiss spark micrometer. (9) Coaxial line. (10-12) Equip- 
ment to demonstrate dielectric polarization effects. (13) Mercury induction coil 
interrupter. (14) Meidinger cell. (15) Bell jar. (16) Induction coil. (17) Bunsen 
cells. (18) Large-area conductor for charge storage. (19) Circular loop receiving 
antenna. (20) Eight-sided receiver detector. (21) Rotating mirror and mercury inter- 
rupter. (22) Square loop receiving antenna. (23) Equipment for refraction and dielec- 
tric constant measurement. (24) Two square loop receiving antennas. (25) Square 
loop receiving antenna. (26) Transmitter dipole. (27) Induction coil. (28) Coaxial 
line. (29) High- voltage discharger. (30) Cylindrical parabolic reflector/receiver. (31) 
Cylindrical parabolic reflector/transmitter. (32) Circular loop receiving antenna. 
(33) Planar reflector. (34, 35) Battery of accumulators. Photographed on October 
1, 1913, at the Bavarian Academy of Science, Munich, Germany, with Hertz's as- 
sistant, lulius Amman. 

Photograph and identification courtesy of J. H. Bryant. 

1. 1. Rabi, J. S. Schwinger, H. A. Bethe, E. M. Purcell, C. G. Montgomery, and R. H. Dicke, 
among others, gathered for a very intensive period of development in the microwave field. 
Their work included the theoretical and experimental treatment of waveguide components, 
microwave antennas, small-aperture coupling theory, and the beginnings of microwave net- 
work theory. Many of these researchers were physicists who returned to physics research 
after the war, but their microwave work is summarized in the classic 28-volume Radiation 
Laboratory Series of books that still finds application today. 

Communications systems using microwave technology began to be developed soon 
after the birth of radar, benefiting from much of the work that was originally done for 
radar systems. The advantages offered by microwave systems, including wide bandwidths 
and line-of-sight propagation, have proved to be critical for both terrestrial and satellite 
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1.2 



communications systems and have thus provided an impetus for the continuing develop- 
ment of low-cost miniaturized microwave components. We refer the interested reader to 
references [1] and [2] for further historical perspectives on the fields of wireless commu- 
nications and microwave engineering. 



MAXWELL'S EQUATIONS 

Electric and magnetic phenomena at the macroscopic level are described by Maxwell's 
equations, as published by Maxwell in 1873. This work summarized the state of electro- 
magnetic science at that time and hypothesized from theoretical considerations the exis- 
tence of the electrical displacement current, which led to the experimental discovery by 
Hertz of electromagnetic wave propagation. Maxwell's work was based on a large body of 
empirical and theoretical knowledge developed by Gauss, Ampere, Faraday, and others. A 
first course in electromagnetics usually follows this historical (or deductive) approach, and 
it is assumed that the reader has had such a course as a prerequisite to the present material. 
Several references are available [3-7] that provide a good treatment of electromagnetic 
theory at the undergraduate or graduate level. 

This chapter will outline the fundamental concepts of electromagnetic theory that we 
will require later in the book. Maxwell's equations will be presented, and boundary condi- 
tions and the effect of dielectric and magnetic materials will be discussed. Wave phenom- 
ena are of essential importance in microwave engineering, and thus much of the chapter is 
spent on topics related to plane waves. Plane waves are the simplest form of electromag- 
netic waves and so serve to illustrate a number of basic properties associated with wave 
propagation. Although it is assumed that the reader has studied plane waves before, the 
present material should help to reinforce the basic principles in the reader's mind and per- 
haps to introduce some concepts that the reader has not seen previously. This material will 
also serve as a useful reference for later chapters. 

With an awareness of the historical perspective, it is usually advantageous from a 
pedagogical point of view to present electromagnetic theory from the "inductive," or ax- 
iomatic, approach by beginning with Maxwell's equations. The general form of time- 
varying Maxwell equations, then, can be written in "point," or differential, form as 

- -dB 

Vx£= — M, (1.1a) 



+ J, (1.1b) 

(1.1c) 
(l.ld) 

The MKS system of units is used throughout this book. The script quantities represent 
time-varying vector fields and are real functions of spatial coordinates x , y, z, and the time 
variable t . These quantities are defined as follows: 

£ is the electric field, in volts per meter (V/m). 1 

H is the magnetic field, in amperes per meter (A/m). 







dt 


V x 


H = 


dV 
~dt 


V • 


V = 


P, 


V • 


B = 


0. 



As recommended by the IEEE Standard Definitions of Terms for Radio Wave Propagation, IEEE Standard 
211-1997, the terms "electric field" and "magnetic field" are used in place of the older terminology of "electric 
field intensity" and "magnetic field intensity." 
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V is the electric flux density, in coulombs per meter squared (Coul/m 2 ). 
B is the magnetic flux density, in webers per meter squared (Wb/m 2 ). 
M is the (fictitious) magnetic current density, in volts per meter (V/m 2 ). 
J is the electric current density, in amperes per meter squared (A/m 2 ). 
p is the electric charge density, in coulombs per meter cubed (Coul/m 3 ). 

The sources of the electromagnetic field are the currents M. and J and the electric 
charge density p. The magnetic current M. is a fictitious source in the sense that it is 
only a mathematical convenience: the real source of a magnetic current is always a loop 
of electric current or some similar type of magnetic dipole, as opposed to the flow of an 
actual magnetic charge (magnetic monopole charges are not known to exist). The magnetic 
current is included here for completeness, as we will have occasion to use it in Chapter 4 
when dealing with apertures. Since electric current is really the flow of charge, it can be 
said that the electric charge density p is the ultimate source of the electromagnetic field. 

In free-space, the following simple relations hold between the electric and magnetic 
field intensities and flux densities: 



where fio — 4n x 10~ 7 henry/m is the permeability of free-space, and €q — 8.854 x 10~ 12 
farad/m is the permittivity of free-space. We will see in the next section how media other 
than free-space affect these constitutive relations. 

Equations (1 .la)— (1 . Id) are linear but are not independent of each other. For instance, 
consider the divergence of (1.1a). Since the divergence of the curl of any vector is zero 
[vector identity (B.12), from Appendix B], we have 



Since there is no free magnetic charge, V • M. — 0, which leads to V • B — 0, or (l.ld). 
The continuity equation can be similarly derived by taking the divergence of (1.1b), giving 



where (1.1c) was used. This equation states that charge is conserved, or that current is 
continuous, since V • J represents the outflow of current at a point, and dp/dt represents 
the charge buildup with time at the same point. It is this result that led Maxwell to the 
conclusion that the displacement current density dV/dt was necessary in (1.1b), which 
can be seen by taking the divergence of this equation. 

The above differential equations can be converted to integral form through the use of 
various vector integral theorems. Thus, applying the divergence theorem (B.15) to (1.1c) 
and (l.ld) yields 



B = noH, 
t> = € 0 £, 



(1.2a) 
(1.2b) 



3 

V • V x £ = 0 = - — (V • B) - V • M. 



dt 




(1.3) 




(1.4) 




(1.5) 
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FIGURE 1.3 The closed contour C and surface 5 associated with Faraday's law. 



where Q in (1.4) represents the total charge contained in the closed volume V (enclosed 
by a closed surface S). Applying Stokes' theorem (B.16) to (1.1a) gives 

i £-dl = - — [ B-ds- f M-ds, (1.6) 
Jc 3 f Js Js 

which, without the M term, is the usual form of Faraday's law and forms the basis for 
Kirchhoff's voltage law. In (1.6), C represents a closed contour around the surface S, as 
shown in Figure 1.3. Ampere's law can be derived by applying Stokes' theorem to (1.1b): 

J) H-dl= — f V-ds+ f j-ds = — f V-ds+1, (1.7) 
Jc ot J s J s dt J s 

where X — f s J ■ ds is the total electric current flow through the surface S. Equations 
(1.4)— (1.7) constitute the integral forms of Maxwell's equations. 

The above equations are valid for arbitrary time dependence, but most of our work will 
be involved with fields having a sinusoidal, or harmonic, time dependence, with steady- 
state conditions assumed. In this case phasor notation is very convenient, and so all field 
quantities will be assumed to be complex vectors with an implied e-* 0 " time dependence 
and written with roman (rather than script) letters. Thus, a sinusoidal electric field polarized 
in the x direction of the form 

£(x, y, z, t) — xA (x, y, z) cos (cot + cp), (1.8) 

where A is the (real) amplitude, to is the radian frequency, and <f> is the phase reference of 
the wave at t = 0, has the phasor for 

E(x, y, z) = xA(x, y, z)e j t (1.9) 

We will assume cosine-based phasors in this book, so the conversion from phasor quanti- 
ties to real time-varying quantities is accomplished by multiplying the phasor by e^ m and 
taking the real part: 

£(x, y, z, t) = Re{£(x, y, z)e> m <}, (1.10) 

as substituting (1.9) into (1.10) to obtain (1.8) demonstrates. When working in phasor 
notation, it is customary to suppress the factor e Jwt that is common to all terms. 

When dealing with power and energy we will often be interested in the time average of 
a quadratic quantity. This can be found very easily for time harmonic fields. For example, 
the average of the square of the magnitude of an electric field, given as 

£ — xE\ cos(&>f + 0i ) + yE2Cos(cot + fc) + ZE2 cos(&>f + ^3), (1-11) 

has the phasor form 



E = xE x e^ + yE 2 e j ' t ' 2 + zE 3 e j<h , 



(1.12) 
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can be calculated as 

• T 



avg j 



£ ■ £dt 



i r 

rJo 
l r T 

— / [E 2 cos 2 (cot + (pi ) + E 2 cos 2 (cot + cp 2 ) + E 2 cos 2 (cot + fo)]dt 
T Jo 



= l -(E 2 + El + E 2 )= l -\E\ 2 = l -E.E*. 
Then the root-mean-square (rms) value is l^lrms = \E\/*/2. 



(1.13) 



J(x, y, z) Aim 2 




(a) 



J s (x, y) Aim 
J(x, y, z) = J s (x, y) S(z - z a ) Aim 2 



(b) 



M(x, y, z) V/m 2 




M s (x, y) V/m 
M(x, y, z) = M s (x, y) S(z - z a ) V/m 2 



'y 

xl„(x) A 



xV a (x) V 



X X 

,2 \/fi v ^\ _ Z\i {~\ -r \// m 2 



/(*, y, z) = */„(*) 3(y - y„) S(z - z D ) A/m 2 Mfc y, z) = *V 0 (*) 5(y - y„) S(z - zj V/m 

(c) 





/(*, y, z) = jSflSOc - x D ) S(y - y„) 8(z - z„) A/m 2 M(x, y, z) = £vZ8(jc - * 0 ) S(y - y„) 8(z - z„) V/m 2 

(d) 

FIGURE 1.4 Arbitrary volume, surface, and line currents, (a) Arbitrary electric and magnetic vol- 
ume current densities, (b) Arbitrary electric and magnetic surface current densities 
in the z = zq plane, (c) Arbitrary electric and magnetic line currents, (d) Infinitesi- 
mal electric and magnetic dipoles parallel to the x-axis. 
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Assuming an e^ mt time dependence, we can replace the time derivatives in (1.1a)- 
(l.ld) with jco. Maxwell's equations in phasor form then become 



VxE = -jcoB-M, (1.14a) 

V x H = jwb + J, (1.14b) 

VD=p, (1.14c) 

VB = 0. (1.14d) 



The Fourier transform can be used to convert a solution to Maxwell's equations for an 
arbitrary frequency m into a solution for arbitrary time dependence. 

The electric and magnetic current sources, / and M, in (1.14) are volume current 
densities with units A/m 2 and V/m 2 . In many cases, however, the actual currents will be in 
the form of a current sheet, a line current, or an infinitesimal dipole current. These special 
types of current distributions can always be written as volume current densities through 
the use of delta functions. Figure 1.4 shows examples of this procedure for electric and 
magnetic currents. 




FIELDS IN MEDIA AND BOUNDARY CONDITIONS 



In the preceding section it was assumed that the electric and magnetic fields were in free- 
space, with no material bodies present. In practice, material bodies are often present; this 
complicates the analysis but also allows the useful application of material properties to 
microwave components. When electromagnetic fields exist in material media, the field 
vectors are related to each other by the constitutive relations. 

For a dielectric material, an applied electric field E causes the polarization of the 
atoms or molecules of the material to create electric dipole moments that augment the 
total displacement flux, D. This additional polarization vector is called P e , the electric 
polarization, where 

D = e Q E + P e . (1.15) 

In a linear medium the electric polarization is linearly related to the applied electric field 

as 

P e = e QXe E, (1.16) 
where Xe, which may be complex, is called the electric susceptibility. Then, 

D = e 0 E + P e = e 0 (l + Xe)E = eE, (1.17) 

where 

€ = e' - je" = e 0 (l + Xe ) (1.18) 

is the complex permittivity of the medium. The imaginary part of e accounts for loss in 
the medium (heat) due to damping of the vibrating dipole moments. (Free-space, having a 
real e, is lossless.) Due to energy conservation, as we will see in Section 1.6, the imaginary 
part of 6 must be negative (e" positive). The loss of a dielectric material may also be 
considered as an equivalent conductor loss. In a material with conductivity a, a conduction 
current density will exist: 



/ = aE, 



(1.19) 
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which is Ohm's law from an electromagnetic field point of view. Maxwell's curl equation 
for H in (1.14b) then becomes 

V x H = jcoD + J 

— jcoeE + oE 

= jcoe'E + (coe" + o)E 



a\ - 
j-)E, 

CO/ 



(1.20) 



where it is seen that loss due to dielectric damping (coe") is indistinguishable from conduc- 
tivity loss (a). The term coe" + a can then be considered as the total effective conductivity. 
A related quantity of interest is the loss tangent, defined as 



tan S 



coe" + a 



coe' 



(1.21) 



which is seen to be the ratio of the real to the imaginary part of the total displacement 
current. Microwave materials are usually characterized by specifying the real relative per- 
mittivity (the dielectric constant), 2 e r , with e' — e r eo, and the loss tangent at a certain fre- 
quency. These properties are listed in Appendix G for several types of materials. It is useful 
to note that, after a problem has been solved assuming a lossless dielectric, loss can eas- 
ily be introduced by replacing the real e with a complex e — e' — je" — e' (I — j tan <5) — 
eoe r (l — j tan <5). 

In the preceding discussion it was assumed that P e was a vector in the same direction 
as E. Such materials are called isotropic materials, but not all materials have this property. 
Some materials are anisotropic and are characterized by a more complicated relation be- 
tween P e and E, or D and E. The most general linear relation between these vectors takes 
the form of a tensor of rank two (a dyad), which can be written in matrix form as 









€xy 


€xz 




[E x l 




-E x l 




Dy 






e yy 






Ey 


= [€] 


Ey 


(1.22) 






-*zx 




€zz- 




-E z \ 




-E z \ 





It is thus seen that a given vector component of E gives rise, in general, to three components 
of D. Crystal structures and ionized gases are examples of anisotropic dielectrics. For a 
linear isotropic material, the matrix of (1.22) reduces to a diagonal matrix with elements e. 

An analogous situation occurs for magnetic materials. An applied magnetic field may 
align magnetic dipole moments in a magnetic material to produce a magnetic polarization 
(or magnetization) P m . Then, 



B = fi 0 (H + P m ). 
For a linear magnetic material, P m is linearly related to H as 

'in — Xm El , 

where Xm is a complex magnetic susceptibility. From (1.23) and (1.24), 

B = fi Q (l + Xm)H = n,H, 



(1.23) 



(1.24) 



(1.25) 



2 The IEEE Standard Definitions of Terms for Radio Wave Propagation, IEEE Standard 211-1997, suggests 
that the term "relative permittivity" be used instead of "dielectric constant." The IEEE Standard Definitions of 
Terms for Antennas, IEEE Standard 145-1993, however, still recognizes "dielectric constant." Since this term 
is commonly used in microwave engineering work, it will occasionally be used in this book. 
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where ji — + /„,) = fx' — jfi" is the complex permeability of the medium. Again, 
the imaginary part of /„, or /x accounts for loss due to damping forces; there is no magnetic 
conductivity because there is no real magnetic current. As in the electric case, magnetic 
materials may be anisotropic, in which case a tensor permeability can be written as 



-B x - 




By 









l^xx f^xy f^xz 
l^yx ftyy l^yz 
l^zx l-^zy ^zz 





-H x - 








Hy 


= w 


Hy 








-HzJ 



(1.26) 



An important example of anisotropic magnetic materials in microwave engineering is the 
class of ferrimagnetic materials known as ferrites; these materials and their applications 
will be discussed further in Chapter 9. 

If linear media are assumed (e, [i not depending on E or H), then Maxwell's equa- 
tions can be written in phasor form as 



V x E = - jco/xH - M, 

V x H = jaeE + J, 
y ■ D — p, 

V • B = 0. 



(1.27a) 
(1.27b) 
(1.27c) 
(1.27d) 



The constitutive relations are 



D = eE, 
B = /xH, 



(1.28a) 
(1.28b) 



where e and fi may be complex and may be tensors. Note that relations like (1.28a) and 
(1.28b) generally cannot be written in time domain form, even for linear media, because of 
the possible phase shift between D and E, or B and H. The phasor representation accounts 
for this phase shift by the complex form of e and fi. 

Maxwell's equations (1.27a)-(1.27d) in differential form require known boundary val- 
ues for a complete and unique solution. A general method used throughout this book is to 
solve the source-free Maxwell equations in a certain region to obtain solutions with un- 
known coefficients and then apply boundary conditions to solve for these coefficients. A 
number of specific cases of boundary conditions arise, as discussed in what follows. 



Fields at a General Material Interface 

Consider a plane interface between two media, as shown in Figure 1.5. Maxwell's equa- 
tions in integral form can be used to deduce conditions involving the normal and tangential 
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FIGURE 1.5 Fields, currents, and surface charge at a general interface between two media. 
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FIGURE 1.6 Closed surface 5 for equation ( 1 .29). 



fields at this interface. The time-harmonic version of (1.4), where S is the closed "pillbox"- 
shaped surface shown in Figure 1.6, can be written as 



i> D ■ ds = I pdv. 
Js Jv 



(1.29) 



In the limit as h — > 0, the contribution of D tan through the sidewalls goes to zero, so (1.29) 
reduces to 

ASD 2n - ASD ln = AS Ps , 

or 

D 2n -D ln = p s , (1.30) 

where p s is the surface charge density on the interface. In vector form, we can write 

h-(D 2 -D l ) = p s . (1.31) 

A similar argument for B leads to the result that 

n-B 2 =nB 1 , (1.32) 

because there is no free magnetic charge. 

For the tangential components of the electric field we use the phasor form of (1.6), 



<t> E ■ dl — -jw I B ■ ds — I M ■ ds, 
Jc Js Js 



(1.33) 



in connection with the closed contour C shown in Figure 1.7. In the limit as h — > 0, the 
surface integral of B vanishes (because S — hAl vanishes). The contribution from the 
surface integral of M, however, may be nonzero if a magnetic surface current density M s 
exists on the surface. The Dirac delta function can then be used to write 

M = M s S(h), (1.34) 

where h is a coordinate measured normal from the interface. Equation (1.33) then gives 

AlEa - AlE t2 = —AIM S , 



f" i_ 
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FIGURE 1.7 Closed contour C for equation (1.33). 
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or 

E n -E t2 = -M s , (1.35) 
which can be generalized in vector form as 

(E 2 -E 1 )xn=M s . (1.36) 
A similar argument for the magnetic field leads to 

nx(H 2 - Hi) = J s , (1.37) 

where J s is an electric surface current density that may exist at the interface. Equations 
(1.31), (1.32), (1.36), and (1.37) are the most general expressions for the boundary condi- 
tions at an arbitrary interface of materials and/or surface currents. 

Fields at a Dielectric Interface 

At an interface between two lossless dielectric materials, no charge or surface current den- 
sities will ordinarily exist. Equations (1.31), (1.32), (1.36), and (1.37) then reduce to 



n ■ D\ = h ■ D 2 , (1.38a) 

n-Bi=n-B 2 , (1.38b) 

n x E\ — h x E 2 , (1.38c) 

h x Hi = n x H 2 . (1.38d) 



In words, these equations state that the normal components of D and B are continuous 
across the interface, and the tangential components of E and H are continuous across the 
interface. Because Maxwell's equations are not all linearly independent, the six boundary 
conditions contained in the above equations are not all linearly independent. Thus, the 
enforcement of (1.38c) and (1.38d) for the four tangential field components, for example, 
will automatically force the satisfaction of the equations for the continuity of the normal 
components. 



Fields at the Interface with a Perfect Conductor (Electric Wall) 

Many problems in microwave engineering involve boundaries with good conductors (e.g., 
metals), which can often be assumed as lossless (er — > oo). In this case of a perfect con- 
ductor, all field components must be zero inside the conducting region. This result can 
be seen by considering a conductor with finite conductivity (a < oo) and noting that the 
skin depth (the depth to which most of the microwave power penetrates) goes to zero as 
a — > oo. (Such an analysis will be performed in Section 1.7.) If we also assume here that 
M s — 0, which would be the case if the perfect conductor filled all the space on one side 
of the boundary, then (1.31), (1.32), (1.36), and (1.37) reduce to the following: 

h-D = p s , (1.39a) 

n ■ B = 0, (1.39b) 

h x E = 0, (1.39c) 

n x H = J s , (1.39d) 

where p s and J s are the electric surface charge density and current density, respectively, on 
the interface, and h is the normal unit vector pointing out of the perfect conductor. Such 
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a boundary is also known as an electric wall because the tangential components of E are 
"shorted out," as seen from (1.39c), and must vanish at the surface of the conductor. 

The Magnetic Wall Boundary Condition 

Dual to the preceding boundary condition is the magnetic wall boundary condition, where 
the tangential components of H must vanish. Such a boundary does not really exist in 
practice but may be approximated by a corrugated surface or in certain planar transmission 
line problems. In addition, the idealization that h x H — 0 at an interface is often a con- 
venient simplification, as we will see in later chapters. We will also see that the magnetic 
wall boundary condition is analogous to the relations between the voltage and current at 
the end of an open-circuited transmission line, while the electric wall boundary condition 
is analogous to the voltage and current at the end of a short-circuited transmission line. 
The magnetic wall condition, then, provides a degree of completeness in our formulation 
of boundary conditions and is a useful approximation in several cases of practical interest. 
The fields at a magnetic wall satisfy the following conditions: 



h ■ D = 0, (1.40a) 

n ■ B = 0, (1.40b) 

h x E = —M s , (1.40c) 

«xtf = 0, (1.40d) 



where h is the normal unit vector pointing out of the magnetic wall region. 
The Radiation Condition 

When dealing with problems that have one or more infinite boundaries, such as plane 
waves in an infinite medium, or infinitely long transmission lines, a condition on the fields 
at infinity must be enforced. This boundary condition is known as the radiation condition 
and is essentially a statement of energy conservation. It states that, at an infinite distance 
from a source, the fields must either be vanishingly small (i.e., zero) or propagating in an 
outward direction. This result can easily be seen by allowing the infinite medium to contain 
a small loss factor (as any physical medium would have). Incoming waves (from infinity) 
of finite amplitude would then require an infinite source at infinity and so are disallowed. 

THE WAVE EQUATION AND BASIC PLANE WAVE SOLUTIONS 
The Helmholtz Equation 

In a source-free, linear, isotropic, homogeneous region, Maxwell's curl equations in phasor 
form are 

V x E = -jconii, (1.41a) 

V x H = jcoeE, (1.41b) 

and constitute two equations for the two unknowns, E and H. As such, they can be solved 
for either E or H. Taking the curl of (1.41a) and using (1.41b) gives 

V x V x E = -jwnV x H = u> 2 ix€E, 
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which is an equation for E. This result can be simplified through the use of vector identity 
(B.14), V x V x i = V(V • A) - V 2 A, which is valid for the rectangular components of 
an arbitrary vector A . Then, 

V 2 E + w 2 iieE = 0, (1.42) 

because V • E — 0 in a source-free region. Equation (1.42) is the wave equation, or 
Helmholtz equation, for E. An identical equation for H can be derived in the same manner: 

V 2 H + co 2 /i€ H = 0. (1.43) 

A constant k — co^fjle is defined and called the propagation constant (also known as the 
phase constant, or wave number), of the medium; its units are 1/m. 

As a way of introducing wave behavior, we will next study the solutions to the above 
wave equations in their simplest forms, first for a lossless medium and then for a lossy 
(conducting) medium. 



Plane Waves in a Lossless Medium 

In a lossless medium, € and \x are real numbers, and so k is real. A basic plane wave solution 
to the above wave equations can be found by considering an electric field with only an x 
component and uniform (no variation) in the x and y directions. Then, d/dx = d/dy — 0, 
and the Helmholtz equation of (1.42) reduces to 

d ^L + k 2 E x =0. (1.44) 

dz z 

The two independent solutions to this equation are easily seen, by substitution, to be of the 
form 

E x (z) = E + e~ ikz + E~e jkz , (1.45) 

where E + and E~ are arbitrary amplitude constants. 

The above solution is for the time harmonic case at frequency co. In the time domain, 
this result is written as 

£ x (z, t) = E + cos(cot -kz) + E~cos(cot + kz), (1.46) 

where we have assumed that E + and E~ are real constants. Consider the first term in 
(1.46). This term represents a wave traveling in the +z direction because, to maintain a 
fixed point on the wave (cot — kz — constant), one must move in the +z direction as time 
increases. Similarly, the second term in (1.46) represents a wave traveling in the negative z 
direction — hence the notation E + and E~ for these wave amplitudes. The velocity of the 
wave in this sense is called the phase velocity because it is the velocity at which a fixed 
phase point on the wave travels, and it is given by 



_dz_d_( 
p ~ dt ~ dt \ 



cat — constant \ co 1 

(1.47) 



/ k JJie 



In free-space, we have v p — 1/^7^0 — c — 2.998 x 10 8 m/sec, which is the speed of 
light. 

The wavelength, X, is defined as the distance between two successive maxima (or 
minima, or any other reference points) on the wave at a fixed instant of time. Thus, 



(cot - kz) - [cot - k(z + k)] - 2it, 
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so 

2n 2ttv 

k CO f 



X= — = —^ = -?-. (1.48) 




A complete specification of the plane wave electromagnetic field should include the 
magnetic field. In general, whenever E or H is known, the other field vector can be readily 
found by using one of Maxwell's curl equations. Thus, applying (1.41a) to the electric field 
of (1.45) gives H X = H Z = 0, and 

= J_dE± = \ {E+e - jkz _ E - e jkz h (1 49) 

cofi dz rj 

where rj — cojx/k — ^/JT/e is known as the intrinsic impedance of the medium. The ratio 
of the E and H field components is seen to have units of impedance, known as the wave 
impedance; for planes waves the wave impedance is equal to the intrinsic impedance of the 
medium. In free-space the intrinsic impedance is no — V/W^o — 377 £2. Note that the E 
and H vectors are orthogonal to each other and orthogonal to the direction of propagation 
(±z); this is a characteristic of transverse electromagnetic (TEM) waves. 



EXAMPLE 1.1 BASIC PLANE WAVE PARAMETERS 

A plane wave propagating in a lossless dielectric medium has an electric field 
given as £ x = Eocos(cot — fiz) with a frequency of 5.0 GHz and a wavelength 
in the material of 3.0 cm. Determine the propagation constant, the phase velocity, 
the relative permittivity of the medium, and the wave impedance. 

Solution 

2n 2jt _, 
From (1.48) the propagation constant is k — — — — — — 209.4 m , and from 

(1.47) the phase velocity is 

Vp = ^ = —L — xf — (0.03) (5 x 10 9 ) = 1.5 x 10 8 m/sec. 

This is slower than the speed of light by a factor of 2.0. The relative permittivity 
of the medium can be found from (1.47) as 

f_V - ( 3 - 0x 1q8 ^ 2 

v„) \1.5x 



The wave impedance is 



^_ 377 
r) = r)o/^ = -j= = 188.5 ^ 



Plane Waves in a General Lossy Medium 

Now consider the effect of a lossy medium. If the medium is conductive, with a conductiv- 
ity a, Maxwell's curl equations can be written, from (1.41a) and (1.20) as 

V x E = -jco/xH, (1.50a) 

V x H = jcoeE + aE. (1.50b) 



Chapter 1 : Electromagnetic Theory 



The resulting wave equation for E then becomes 

V 2 E + co 2 ixe(l -j—)e = 0, (1.51) 

where we see a similarity with (1.42), the wave equation for E in the lossless case. The 
difference is that the quantity k 2 — co 2 ^e of (1.42) is replaced by &> 2 /ze[l — j(a/a>€)] in 
(1.51). We then define a complex propagation constant for the medium as 



y = a +jfi = )<ajiie^\ - j — (1.52) 

where a is the attenuation constant and p is the phase constant. If we again assume an 
electric field with only an x component and uniform in x and y, the wave equation of 
(1.51) reduces to 

d 2 E x i 

-j-f-y 2 E x =0, (1.53) 

which has solutions 

E x (z) = E+e~ yz + E~e yz . (1.54) 
The positive traveling wave then has a propagation factor of the form 

e -YZ = g -az e -m t 

which in the time domain is of the form 

e~ az cos(<wf - fiz). 

We see that this represents a wave traveling in the +z direction with a phase velocity 
v p = a>//3, a wavelength A = In IP, and an exponential damping factor. The rate of decay 
with distance is given by the attenuation constant, a. The negative traveling wave term of 
(1.54) is similarly damped along the — z axis. If the loss is removed, a — 0, and we have 
y - jk and a = 0, P = k. 

As discussed in Section 1.3, loss can also be treated through the use of a complex 
permittivity. From (1.52) and (1.20) with a — 0 but e — e' — je" complex, we have that 

y = jcoyfjle - jk = jco^ /xe'(l - ;'tan<5), (1.55) 

where tan S — e"/e' is the loss tangent of the material. 
The associated magnetic field can be calculated as 

R jdE^^ ZlL {E + e -YZ _ E - e YZy (156) 

COfl OZ <W/X 

The intrinsic impedance of the conducting medium is now complex, 

t]= , (1.57) 

Y 

but is still identified as the wave impedance, which expresses the ratio of electric to mag- 
netic field components. This allows (1.56) to be rewritten as 

H y = l (E+e- yz - E~e yz ). (1.58) 

n 

Note that although r\ of (1.57) is, in general, complex, it reduces to the lossless case of 
t] — ^/fi/e when y — jk — jcoJjli. 
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Plane Waves in a Good Conductor 

Many problems of practical interest involve loss or attenuation due to good (but not perfect) 
conductors. A good conductor is a special case of the preceding analysis, where the con- 
ductive current is much greater than the displacement current, which means that a 3> coe. 
Most metals can be categorized as good conductors. In terms of a complex e, rather than 
conductivity, this condition is equivalent to e" JJ> e'. The propagation constant of (1.52) 
can then be adequately approximated by ignoring the displacement current term, to give 



Y = a + jfi ~ jajn J— = (1 + d-59) 
jcoe V 2 



The skin depth, or characteristic depth of penetration, is defined as 

1 / 2 



a V CD\xa 



(1.60) 




Thus the amplitude of the fields in the conductor will decay by an amount lie, or 36.8%, 
after traveling a distance of one skin depth, because e~ az — e~ aSs — e~ l . At microwave 
frequencies, for a good conductor, this distance is very small. The practical importance of 
this result is that only a thin plating of a good conductor (e.g., silver or gold) is necessary 
for low-loss microwave components. 



EXAMPLE 1.2 SKIN DEPTH AT MICROWAVE FREQUENCIES 

Compute the skin depth of aluminum, copper, gold, and silver at a frequency of 
10 GHz. 

Solution 

The conductivities for these metals are listed in Appendix F. Equation ( 1 .60) gives 
the skin depths as 



11 /l 



cofia y 7r/>o<x Y 7r(10 10 )(47T x 10~ 7 ) V a 

T 



= 5.03 x 10" 3 



For aluminum: <5 V = 5.03 x 10"\/ ~ = 8.14 x 10" 7 m. 

3.816 x 10 7 



For copper: 8, = 5.03 x 10"\/ 1 = = 6.60 x 10" 7 m. 

xl 5.813 x 10 7 



r ^ 4.098 x 10 7 = 7M X 10 " V 



For silver: 8, = 5.03 x 10"\/ = = 6.40 x 10" 7 m. 

V 6.173 x 10' 

These results show that most of the current flow in a good conductor occurs in an 
extremely thin region near the surface of the conductor. ■ 
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TABLE 1.1 Summary of Results for Plane Wave Propagation in Various Media 







Tunp n~f IVTpHhitti 

L y Lft Ul 1V1CU1 Lllll 






Lossless 


General 


Good Conductor 


Quantity 


(e" = a = 0) 


Lossy 


(e" » e' or a » we') 


Complex propagation 


Y = j^sU^ 


Y = jio^/Jie 


Y = (1 + j)Vcona/2 


constant 




1—, 1 * 

= j(tiJ LL€ 1 — j 

J V t \l J i 




Phase constant 


P = k = CO*J~jl€ 


p — im iy) 


Q Ttn/i/\ /s.'.iisr/O 

p — im()/) \J coi^o j Z 


(wave number) 








Attenuation constant 


a = 0 


a — Re{y] 


a = Re{y} = ^/(D/xa/2 


Impedance 


r\ — -/fT/e = con/k 


1 = j^lY 


»? = (! + j)^0)^/2a 


Skin depth 


S s = oo 


S s = 1 /a 


S s = -Jl/miia 


Wavelength 


k = In If, 


k = 2n/p 


k = 2n/p 


Phase velocity 


Vp = co/P 


v p = co/fi 


Vp = co/P 



The intrinsic impedance inside a good conductor can be obtained from (1.57) and 
(1.59). The result is 

n = j ^^H + j)Jf = ii + j)\. (1.6D 

y V 2a aS s 

Notice that the phase angle of this impedance is 45°, a characteristic of good conductors. 
The phase angle of the impedance for a lossless material is 0°, and the phase angle of the 
impedance of an arbitrary lossy medium is somewhere between 0° and 45°. 

Table 1.1 summarizes the results for plane wave propagation in lossless and lossy 
homogeneous media. 



GENERAL PLANE WAVE SOLUTIONS 

Some specific features of plane waves were discussed in Section 1.4, but we will now 
look at plane waves from a more general point of view and solve the wave equation by 
the method of separation of variables. This technique will find application in succeeding 
chapters. We will also discuss circularly polarized plane waves, which will be important 
for the discussion of ferrites in Chapter 9. 

In free-space, the Helmholtz equation for E can be written as 

7 - , - d 2 E d 2 E d 2 E , - 
V E + k o E - f-1 + ^2 + ^2 + k l E = 0. d-62) 

and this vector wave equation holds for each rectangular component of E: 

d 2 Ei d 2 Ei d 2 Ej , 



(1.63) 



where the index i = x, y, or z. This equation can be solved by the method of separation of 
variables, a standard technique for treating such partial differential equations. The method 
begins by assuming that the solution to (1.63) for, say, E x , can be written as a product of 
three functions for each of the three coordinates: 



E x (x, y, z) = f(x)g(y)h(z). 



(1.64) 
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Substituting this form into (1.63) and dividing by fgh gives 

f" s" h" 

J — + S - + -+k 2 = 0, (1.65) 
fgh 

where the double primes denote the second derivative. The key step in the argument is to 
recognize that each of the terms in (1.65) must be equal to a constant because they are 
independent of each other. That is, /"// is only a function of x, and the remaining terms 
in (1.65) do not depend on x, so /"// must be a constant, and similarly for the other terms 
in (1.65). Thus, we define three separation constants, k x , k y , and k z , such that 

f"/f = ~k 2 x ; g"/g = -k); ti'/h = -k 2 ; 

or 

d 2 f o d 2 s *, d 2 h t 

J + k 2 J = 0; ^+^ = 0; ^+*f* = 0. (1.66) 

Combining (1.65) and (1.66) shows that 

k 2 x +k 2 + k 2 = k 2 . (1.67) 

The partial differential equation of ( 1 .63) has now been reduced to three separate ordinary 
differential equations in (1.66). Solutions to these equations have the forms e ± i kxX , e ± i k y y , 
and e ± i kzZ , respectively. As we saw in the previous section, the terms with + signs result 
in waves traveling in the negative x, y, or z direction, while the terms with — signs result 
in waves traveling in the positive direction. Both solutions are possible and are valid; the 
amount to which these various terms are excited is dependent on the source of the fields and 
the boundary conditions. For our present discussion we will select a plane wave traveling 
in the positive direction for each coordinate and write the complete solution for E x as 

E x (x, y, Z ) = Ae- j ^ x+k y y+k - z \ (1.68) 

where A is an arbitrary amplitude constant. Now define a wave number vector k as 

k — k x x + k y y + k z z = k$n. (1-69) 

Then from (1.67), \k\ — ko, and so h is a unit vector in the direction of propagation. Also 
define a position vector as 

F — xx+yy + zz; (1-70) 

then (1.68) can be written as 

E x (x, y, Z ) = Ae-j' k? . (1.71) 

Solutions to (1.63) for E y and E z are, of course, similar in form to E x of (1.71), but with 
different amplitude constants: 

E y (pc,y,z) = Be~ jhf , (1.72) 
E z (x,y,z) = Ce-> k - ? . (1.73) 

The x, y, and z dependences of the three components of E in (1.71)— (1.73) must be the 
same (same k x , k y , k z ), because the divergence condition that 

8E X dE y dE, 
V- E = — - + — y - + — - = 0 
dx 3y dz 
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must also be applied in order to satisfy Maxwell's equations, and this implies that E x , E y , 
and E z must each have the same variation in x, y, and z. (Note that the solutions in the 
preceding section automatically satisfied the divergence condition because E x was the only 
component of E, and E x did not vary with x.) This condition also imposes a constraint on 
the amplitudes A , B, and C because if 

E 0 = Ax + By + Cz, 

we have 

E = E 0 e-j~ kf , 

and 

V • E = V • (E 0 e- j ~ k f ) = E 0 ■ Ve-i' k ? = -jk ■ E 0 e- jk? = 0, 

where vector identity (B.7) was used. Thus, we must have 

k-E 0 = 0, (1.74) 

which means that the electric field amplitude vector Eq must be perpendicular to the direc- 
tion of propagation, k. This condition is a general result for plane waves and implies that 
only two of the three amplitude constants, A, B, and C, can be chosen independently. 
The magnetic field can be found from Maxwell's equation, 

V x E = -jcofMoH, (1.75) 

to give 

H = —V x E = —V x (E 0 e- jk ~ r ) 

= '-e q x y e -j' k - ? 

= ^E Q x {-jk)e- fk ' r 

(OHO 
C0fl 0 

= — h x E 0 e- jk ~ r 

no 

— —n x E, (1.76) 

■no 

where vector identity (B.9) was used in obtaining the second line. This result shows that 
the magnetic field vector H lies in a plane normal to k, the direction of propagation, and 
that H is perpendicular to E. See Figure 1.8 for an illustration of these vector relations. 
The quantity rjo — VmoM) = 377 £1 in (1.76) is the intrinsic impedance of free-space. 
The time domain expression for the electric field can be found as 

£(x,y,z,t)='Re{E(x,y,z)e ja > t } 
= Re{E 0 e- jkP e j(Ot } 

— Eq cos(k ■ f — cot), (1-77) 



1 .5 General Plane Wave Solutions 23 





assuming that the amplitude constants A, B, and C contained in Eq are real. If these 
constants are not real, their phases should be included inside the cosine term of (1.77). It 
is easy to show that the wavelength and phase velocity for this solution are the same as 
obtained in Section 1 .4. 



EXAMPLE 1.3 CURRENT SHEETS AS SOURCES OF PLANE WAVES 

An infinite sheet of surface current can be considered as a source for plane waves. 
If an electric surface current density J s — Jqx exists on the z — 0 plane in free- 
space, find the resulting fields by assuming plane waves on either side of the 
current sheet and enforcing boundary conditions. 

Solution 

Since the source does not vary with x or y, the fields will not vary with x or y but 
will propagate away from the source in the ±z direction. The boundary conditions 
to be satisfied at z — 0 are 

h x (E 2 - Ei) = £ x (E 2 - Ei) = 0, 
h x (H 2 - Hi) = z x (H 2 - Hi) = J 0 x, 

where E\, Hi are the fields for z < 0, and E 2 , H 2 are the fields for z > 0. To 
satisfy the second condition, H must have a y component. Then for E to be or- 
thogonal to H and z, E must have an x component. Thus the fields will have the 
following form: 

forz<0, Ei = xAr) 0 e jkoZ , 

Hi = -yAe jkoz , 
forz>0, E 2 = xBr]oe- jkoz , 

H 2 = yBe- jkoZ , 

where A and B are arbitrary amplitude constants. The first boundary condition, 
that E x is continuous at z — 0, yields A — B, while the boundary condition for 
H yields the equation 



Solving for A , B gives 



—B — A — J Q . 
i — B — -J 0 /2, 



which completes the solution. 
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Circularly Polarized Plane Waves 

The plane waves discussed previously all had their electric field vector pointing in a fixed 
direction and so are called linearly polarized waves. In general, the polarization of a plane 
wave refers to the orientation of the electric field vector, which may be in a fixed direction 
or may change with time. 

Consider the superposition of an x linearly polarized wave with amplitude E\ and a y 
linearly polarized wave with amplitude E 2 , both traveling in the positive z direction. The 
total electric field can be written as 

E = (Eix + E 2 y)e- jkoz . (1.78) 

A number of possibilities now arise. If Ei ^ 0 and E2 — 0, we have a plane wave linearly 
polarized in the x direction. Similarly, if E\ =0 and E 2 7^ 0, we have a plane wave linearly 
polarized in the y direction. If E\ and E 2 are both real and nonzero, we have a plane wave 
linearly polarized at the angle 

(j) = tan" 1 — . 

Ei 

For example, if E\ — E 2 — Eq, we have 

E = Eq(x + y)e- jkoz , 

which represents an electric field vector at a 45° angle from the x-axis. 

Now consider the case in which E\ — jE 2 — Eq, where Eq is real, so that 

E = E Q (x - jy)e~ jk ° z . (1.79) 

The time domain form of this field is 

£(z, t) = Eo[x cos(cot — koz) + y cos(cot — koz — ?r/2)]. (1.80) 

This expression shows that the electric field vector changes with time or, equivalently, with 
distance along the z-axis. To see this, pick a fixed position, say z — 0. Equation (1.80) then 
reduces to 

S(Q, t) = Eq[x cos cot + y sin<wf], (1-81) 

so as cot increases from zero, the electric field vector rotates counterclockwise from the 
x-axis. The resulting angle from the x-axis of the electric field vector at time t, at z = 0, is 
then 

1 / sinaif \ 

cj) — tan I I = cot, 

\cos cot ) 

which shows that the polarization rotates at the uniform angular velocity co. Since the 
fingers of the right hand point in the direction of rotation of the electric field vector when 
the thumb points in the direction of propagation, this type of wave is referred to as a right- 
hand circularly polarized (RHCP) wave. Similarly, a field of the form 

E = E Q (x + jy)e-j koz (1.82) 

constitutes a left-hand circularly polarized (LHCP) wave, where the electric field vector 
rotates in the opposite direction. See Figure 1 .9 for a sketch of the polarization vectors for 
RHCP and LHCP plane waves. 

The magnetic field associated with a circularly polarized wave may be found from 
Maxwell's equations or by using the wave impedance applied to each component of the 
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Propagation 

(a) 




Propagation 

(b) 



FIGURE 1.9 Electric field polarization for (a) RHCP and (b) LHCP plane waves. 



electric field. For example, applying (1.76) to the electric field of a RHCP wave as given 
in (1.79) yields 

H = —z x (x - jy)e- jkoz =—(y + jx)e~j koz = J —(x - jy)e~ jkoz , 
rio lo no 

which is also seen to represent a vector rotating in the RHCP sense. 



ENERGY AND POWER 

In general, a source of electromagnetic energy sets up fields that store electric and magnetic 
energy and carry power that may be transmitted or dissipated as loss. In the sinusoidal 
steady-state case, the time-average stored electric energy in a volume V is given by 



W e 



-Re f E- D*dv, 
4 Jv 



(1.83) 



which in the case of simple lossless isotropic, homogeneous, linear media, where e is a 
real scalar constant, reduces to 



= - f E ■ E* dv. 

Similarly, the time-average magnetic energy stored in the volume V is 

W m = -Re f H ■ B*dv, 
4 Jv 



which becomes 



f H ■ H* dv, 
Jv 



(1.84) 



(1.85) 



(1.86) 



for a real, constant, scalar [i. 

We can now derive Poynting's theorem, which leads to energy conservation for elec- 
tromagnetic fields and sources. If we have an electric source current J s and a conduction 
current oE as defined in (1.19), then the total electric current density is J — J s + aE. 
Multiplying (1.27a) by H* and multiplying the conjugate of (1.27b) by E yields 

H* ■ (V x E) = -jcoix\H\ 2 - H* ■ M s , 

E ■ (V x H*) = E ■ J* - ja)€*\E\ 2 = E -J* + a\E\ 2 - ja)e*\E\ 2 , 
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FIGURE 1.10 A volume V, enclosed by the closed surface S, containing fields E, H , and current 
sources J s , M s . 



where M s is the magnetic source current. Using these two results in vector identity (B.8) 
gives 

V • (E x H*) = H* ■ (V x E) - E ■ (V x H*) 

= -a\E\ 2 + jco(e*\E\ 2 - /x\H\ 2 ) - (E ■ J* + H* ■ M s ). 
Now integrate over a volume V and use the divergence theorem: 

J V (E x H*)dv = j> E x H* -ds 

= -o\ \E\ 2 dv + jaf (e*\E\ 2 - ^H^dv- f (E ■ J* + H* ■ M s )dv, (1.87) 
Jv Jv Jv 

where S is a closed surface enclosing the volume V, as shown in Figure 1.10. Allowing 
e — e' — je" and [i — [t! — j/x" to be complex to allow for loss, and rewriting (1.87), 
gives 

-\\ (E ■ J* + H* ■ M s )dv = ]- i E x H* ■ ds + ^ f \E\ 2 dv 
2 2/ 5 2 J v 

+ ^ [ (e"\E\ 2 + ,i"\H\ 2 )dv + j^ [ (ij,'\H\ 2 -e'\E\ 2 )dv. (1.88) 
^ Jv ^ Jv 

This result is known as Poynting's theorem, after the physicist J. H. Poynting (1852-1914), 
and is basically a power balance equation. Thus, the integral on the left-hand side repre- 
sents the complex power P s delivered by the sources J s and M s inside S: 

P, = -\ f (E- J: + H* ■ M s ) dv. (1 .89) 

2 Jv 

The first integral on the right-hand side of (1.88) represents complex power flow out of the 
closed surface S. If we define a quantity S, called the Poynting vector, as 

S = ExH*, (1.90) 

then this power can be expressed as 

Po = ^<j> E x H* -ds =\j> S-ds. (1.91) 

The surface S in (1.91) must be a closed surface for this interpretation to be valid. The 
real parts of P s and P„ in (1.89) and (1.91) represent time-average powers. 

The second and third integrals in (1.88) are real quantities representing the time- 
average power dissipated in the volume V due to conductivity, dielectric, and magnetic 
losses. If we define this power as Pg we have 

P t = \E\ 2 dv + f jVl^l 2 + V"\H\ 2 ) dv, (1.92) 
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which is sometimes referred to as Joule's law. The last integral in (1.88) can be seen to be 
related to the stored electric and magnetic energies, as defined in (1.84) and (1.86). 
With the above definitions, Poynting's theorem can be rewritten as 

P s = P„ + Pi + 2jco(W m - W e ). (1 .93) 

In words, this complex power balance equation states that the power delivered by the 
sources (P s ) is equal to the sum of the power transmitted through the surface (P 0 ), 
the power lost to heat in the volume (Pi), and 2a> times the net reactive energy stored 
in the volume. 

Power Absorbed by a Good Conductor 

Practical transmission lines involve imperfect conductors, leading to attenuation and power 
losses, as well as the generation of noise. To calculate loss and attenuation due to an im- 
perfect conductor we must find the power dissipated in the conductor. We will show that 
this can be accomplished using only the fields at the surface of the conductor, which is a 
very helpful simplification when calculating attenuation. 

Consider the geometry of Figure 1.11, which shows the interface between a lossless 
medium and a good conductor. A field is incident from z < 0, and the field penetrates into 
the conducting region, z > 0. The real average power entering the conductor volume de- 
fined by the cross-sectional area Sq at the interface and the surface S is given from (1.91) as 

P avg = I Re f E x H* -h ds, (1.94) 

2 h 0 +s 

where h is a unit normal vector pointing into the closed surface So + S, and E, H are the 
fields over this surface. The contribution to the integral in (1.94) from the surface S can 
be made zero by proper selection of this surface. For example, if the field is a normally 
incident plane wave, the Poynting vector S — E x H* will be in the z direction, and so 
tangential to the top, bottom, front, and back of S, if these walls are made parallel to the 
z-axis. If the wave is obliquely incident, these walls can be slanted to obtain the same 
result. If the conductor is good, the decay of the fields away from the interface at z — 0 
will be very rapid, so the right-hand end of S can be made far enough away from z — 0 
such that there is negligible contribution to the integral from this part of the surface S. The 
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FIGURE 1.11 An interface between a lossless medium and a good conductor with a closed sur- 
face Sq + S for computing the power dissipated in the conductor. 
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time-average power entering the conductor through Sq can then be written as 

P avg =-Ref E x H* -zds. (1.95) 
2 Jso 



2 

From vector identity (B.3) we have 

z ■ (E x H*) = (z x E) ■ H* = nH ■ H* , (1.96) 

since H — h x E jr\, as generalized from (1.76) for conductive media, where r\ is the in- 
trinsic impedance (complex) of the conductor. Equation (1.95) can then be written as 

favg = ^f \H\ 2 ds, (1.97) 

where 




R s = ReM = Re (1 + j)J = = — (1.98) 



is defined as the surface resistance of the conductor. The magnetic field H in (1.97) is 
tangential to the conductor surface and needs only to be evaluated at the surface of the con- 
ductor; since H t is continuous at z — 0, it does not matter whether this field is evaluated 
just outside the conductor or just inside the conductor. In the next section we will show 
how (1.97) can be evaluated in terms of a surface current density flowing on the surface of 
the conductor, where the conductor can be approximated as perfect. 



PLANE WAVE REFLECTION FROM A MEDIA INTERFACE 

A number of problems to be considered in later chapters involve the behavior of electro- 
magnetic fields at the interface of various types of media, including lossless media, lossy 
media, a good conductor, or a perfect conductor, and so it is beneficial at this time to study 
the reflection of a plane wave normally incident from free-space onto a half-space of an 
arbitrary material. The geometry is shown in Figure 1.12, where the material half-space 
Z > 0 is characterized by the parameters e, /x, and a. 



General Medium 

With no loss of generality we can assume that the incident plane wave has an electric field 
vector oriented along the x-axis and is propagating along the positive z-axis. The incident 




FIGURE 1.12 Plane wave reflection from an arbitrary medium; normal incidence. 
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fields can then be written, for z < 0, as 

Ei = xE 0 e- jkoZ , (1.99a) 
Hi = y — E Q e- jkoz , (1.99b) 

10 

where no is the impedance of free-space and Eq is an arbitrary amplitude. Also in the 
region z < 0, a reflected wave may exist with the form 

E r = ir£ 0 <? +A)Z , (1.100a) 

// r = ->■ — E 0 e +; '* oz , (1.100b) 

no 

where T is the unknown reflection coefficient of the reflected electric field. Note that in 
(1.100), the sign in the exponential terms has been chosen as positive, to represent waves 
traveling in the — z direction of propagation, as derived in (1.46). This is also consis- 
tent with the Poynting vector S r — E r x H* — —\T\ 2 \Eo\ 2 z/r]o, which shows power to 
be traveling in the — z direction for the reflected wave. 

As shown in Section 1.4, from equations (1.54) and (1.58), the transmitted fields for 
z > 0 in the lossy medium can be written as 

E t — xTEoe~ yz , (1.101a) 

H, = ^V^, (1.101b) 
r] 

where T is the transmission coefficient of the transmitted electric field and r\ is the intrinsic 
impedance (complex) of the lossy medium in the region z > 0. From (1.57) and (1.52) the 
intrinsic impedance is 

, = ^. d.102) 

Y 

and the propagation constant is 



y — a + j p — jco^/jle^/l — ja/coe. (1.103) 

We now have a boundary value problem where the general form of the fields are known 
via (1.99)— (1.101) on either side of the material discontinuity at z = 0. The two unknown 
constants T and T are found by applying boundary conditions for E x and H y at z — 0. 
Since these tangential field components must be continuous at z = 0, we arrive at the fol- 
lowing two equations: 

1 + T = 7\ (1.104a) 

i - r t 

(1.104b) 



Solving these equations for the reflection and transmission coefficients gives 

_ V - m 
ri + rjo' 



(1.105a) 



2n 

r = i + r = — — . (i.i05b) 
n + no 

This is a general solution for reflection and transmission of a normally incident wave at the 
interface of an arbitrary material, where r\ is the intrinsic impedance of the material. We 
now consider three special cases of this result. 
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Lossless Medium 

If the region for z > 0 is a lossless dielectric, then a — 0, and [i and e are real quantities. 
The propagation constant in this case is purely imaginary and can be written as 

Y = JP = jm^fjle - jk Q ^ii r e r , (1.106) 

where Icq = a^/xoeo is the propagation constant (wave number) of a plane wave in free- 
space. The wavelength in the dielectric is 

< 171 2n X ° (1.107) 



the phase velocity is 



CO 1 c 

v P =- = — = -=, (1.108) 
(slower than the speed of light in free-space) and the intrinsic impedance of the dielectric is 

jto[i fix /717 

1= = a/ - = 'W — ■ (1.109) 

Y V 6 V e r 

For this lossless case, r\ is real, so both Y and T from (1.105) are real, and E and H are in 
phase with each other in both regions. 

Power conservation for the incident, reflected, and transmitted waves can be demon- 
strated by computing the Poynting vectors in the two regions. Thus, for z < 0, the complex 
Poynting vector is found from the total fields in this region as 

S~ — E x H* — (Ei + E r ) x (Hi + H r f 

= z|£ 0 | 2 — (e~ jkoZ + r e j koZ )(e-i koZ - re> k ° z )* 

m 

= £|£ 0 | 2 — (i - in 2 + r e 2jkoz - r* e - 2jkoZ ) 
m 

= £|£ 0 | 2 — (1 - |r| 2 + 2;Tsin2fc 0 z), (1.110a) 
^0 

since T is real. For z > 0 the complex Poynting vector is 



.\E 0 \ 2 \T\ 2 



= E t x h; = z 

'/ 

which can be rewritten, using (1.105), as 

S+ = z|£o| 2 ^ , 2 = z\E Q \ 2 -(l - \r\ 2 ). (1.110b) 

Now observe that at z — 0, S~ — S + , so that complex power flow is conserved across the 
interface. Next consider the time-average power flow in the two regions. For z < 0 the 
time-average power flow through aim 2 cross section is 

P~ = ^Re{5"-£} = d£ 0 | 2 -(l - irf). (1.111a) 
2 '2 rjo 
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and for z > 0, the time-average power flow through aim 2 cross section is 

P+ = ^Re {S + -z} = d£ 0 | 2 -(l - |F| 2 ) = P~, (1.111b) 

so real power flow is conserved. 

We now note a subtle point. When computing the complex Poynting vector for z < 0 in 
(1.1 10a), we used the total E and H fields. If we compute separately the Poynting vectors 
for the incident and reflected waves, we obtain 

Si=EixH*=z 1 —, (1.112a) 
10 

S r = E r x H* = _g |£o|2|r|2 , (i.H2b) 

no 

and we see that 5, + S r ^ S~ of (1.110a). The missing cross-product terms account for 
stored reactive energy in the standing wave in the z < 0 region. Thus, the decomposition 
of a Poynting vector into incident and reflected components is not, in general, meaningful. 
It is possible to define a time-average Poynting vector as (l/2)Re{£ x H*}, and in this 
case such a definition applied to the individual incident and reflected components will give 
the correct result since P ( = (l/2)|£ 0 | 2 /»?0 and P r = (-l/2)|E 0 | 2 |r| 2 /»?0> so P t + P r = 
P~ . However, this definition will fail to provide meaningful results when the medium for 
z < 0 is lossy. 



Good Conductor 

If the region for z > 0 is a good (but not perfect) conductor, the propagation constant can 
be written as discussed in Section 1.4: 



y=a + jP = (l + j)^- = (1 + (1.113) 
Similarly, the intrinsic impedance of the conductor simplifies to 

ri = (\+i)J^- = (\ + j)\. (1.H4) 
V 2er aS s 

Now the impedance is complex, with a phase angle of 45°, so E and H will be 45° out of 
phase, and V and T will be complex. In (1.113) and (1.114), S s — l/a is the skin depth, as 
defined in (1.60). 

For z < 0 the complex Poynting vector can be evaluated at z — 0 to give 

s~(z = 0) = £|£ol 2 — (i - |r| 2 + r - r*). (i.ii5a) 
no 

For z > 0 the complex Poynting vector is 

~S + = E t x =z\E 0 \ 2 \T\ 2 \e~ 2az , 

rj* 

and using (1.105) for T and Y gives 

~S + = zl^ol 2 , Ari n e~ 2az = 2|E 0 | 2 -(1 - |F| 2 + T - V*)e- 2az . (1.115b) 

\n + no\ no 

So at the interface at z — 0, S~ — S + , and complex power is conserved. 
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Observe that if we were to compute the separate incident and reflected Poynting vec- 
tors for z < 0 as 

Si = Et x H* =z l —, (1.116a) 

no 

S r = E r x H* = -g |£o1 |F| , (1.116b) 

no 

we would not obtain 5, + S r — S~ of (1.1 15a), even for z — 0. It is possible, however, to 
consider real power flow in terms of the individual traveling wave components. Thus, the 
time-average power flows through aim 2 cross section are 

P~ = V(S" • z) = d£ol 2 -d - llf), (1.117a) 
2 2 rjo 

P + = V(S" -z) = d£o| 2 -(l - \r\ 2 )e~ 2az , (1.117b) 
2 2 r]o 

which shows power balance atz = 0. In addition, Pj — \Eo\ 2 /2rio and P r — —\E§\^ |T| 2 / 
2?7o, so that Pi + P r — P~, showing that the real power flow for z < 0 can be decomposed 
into incident and reflected wave components. 

Notice that S + , the power density in the lossy conductor, decays exponentially accord- 
ing to the e~ 2az attenuation factor. This means that power is being dissipated in the lossy 
material as the wave propagates into the medium in the +z direction. The power, and also 
the fields, decay to a negligibly small value within a few skin depths of the material, which 
for a reasonably good conductor is an extremely small distance at microwave frequencies. 

The electric volume current density flowing in the conducting region is given as 

J t = oE t = ZoEoTe-Y'A/m 2 , (1.118) 

and so the average power dissipated in (or transmitted into) aim 2 cross-sectional volume 
of the conductor can be calculated from the conductor loss term of (1.92) (Joule's law) as 

P' = ]- f E t - J*dv = \ f f f (xE 0 Te- YZ ) ■ (Jca E 0 T : e~ YZ )* dzdy dx 

2 Jv 2 J x=0 J y=0 J z=0 

= ia|£ 0 | 2 |r| 2 r e-^dz= ^ E f m \ (1.119) 
2 J z =o 4a 

Since 1/rj = aS s /(l + j) — (c/2a)(l — j), the real power entering the conductor through 
aim 2 cross section [as given by (l/2)Re{5 + • £} at z — 0] can be expressed using (1.115b) 
as P' = \E 0 \ 2 \T\ 2 (a/4a), which is in agreement with (1.1 19). 



Perfect Conductor 

Now assume that the region z > 0 contains a perfect conductor. The above results can be 
specialized to this case by allowing a — > oo. Then, from (1.113), a -> oo; from (1.114), 
r) -> 0; from (1.60), S s -> 0; and from (1.105a, b), T -> 0 and T -> -1. The fields for 
Z > 0 thus decay infinitely fast and are identically zero in the perfect conductor. The perfect 
conductor can be thought of as "shorting out" the incident electric field. For z < 0, from 
(1.99) and (1.100), the total E and H fields are, since r = -1, 

E = Ei + E r = xE Q (e- jkoz - e jkoz ) = -x2 jE Q sink 0 z, (1.120a) 
H = Hi + H r = y — E Q ( e - jkoz + e jkoz ) = y — E Q cosk Q z. (1.120b) 

no no 
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Observe that at z — 0, E — 0 and H — y(2/t]o)Eo. The Poynting vector for z < 0 is 

4 

S~ = E x H* = -zj — \E 0 \ 2 smkozcosk Q z, (1-121) 
10 

which has a zero real part and thus indicates that no real power is delivered to the perfect 
conductor. 

The volume current density of (1.118) for the lossy conductor reduces to an infinitely 
thin sheet of surface current in the limit of infinite conductivity: 



n x H — —z x (y — EqcosIcqz ) 

\ no J 



A 2 

= l-£ 0 A/m. (1.122) 

z=o no 



The Surface Impedance Concept 



In many problems, particularly those in which the effect of attenuation or conductor loss 
is needed, the presence of an imperfect conductor must be taken into account. The sur- 
face impedance concept allows us to do this in an approximate, but very convenient and 
accurate, manner. We will develop this method from the theory presented in the previous 
sections. 

Consider a good conductor in the region z > 0. As we have seen, a plane wave nor- 
mally incident on this conductor is mostly reflected, and the power that is transmitted into 
the conductor is dissipated as heat within a very short distance from the surface. There are 
three ways to compute this power. 

First, we can use Joule's law, as in (1.119). For aim 2 area of conductor surface, the 
power transmitted through this surface and dissipated as heat is given by (1.119). Using 
(1.105b) for T, (1.1 14) for r\, and the fact that a — l/S s gives the following result: 

a\T\ 2 aS s 4\n\ 2 8 



n + no\ 2 (j& s no' 



(1.123) 



where we have assumed r) 170, which is true for a good conductor. Then the power of 
(1.1 19) can be written as 

_ q|£o| 2 |r| 2 _ 2|£ 0 | 2 _ 2|£ 0 | 2 ^ 
4a aS s r]l r)l 

where 

Rs = Re{n} =Rj l -±l\ = ^=M (1.125) 
I gS s J aS s V 2er 

is the surface resistance of the metal. 

Another way to find the power loss is to compute the power flow into the conductor 
using the Poynting vector since all power entering the conductor at z — 0 is dissipated. As 
in (1.115b), we have 

, 1 .,1 2|£ 0 | 2 Re{?)} 

2 1 J| z=° \n + no\ 2 

which for large conductivity becomes, since t] <C r]o, 

P' = ' ' , (1.126) 
% 

which agrees with (1.124). 
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A third method uses an effective surface current density and the surface impedance, 
without the need for knowing the fields inside the conductor. From (1.118), the volume 
current density in the conductor is 

J, = xaTE Q e- YZ A/m 2 , (1.127) 

so the total (surface) current flow per unit width in the x direction is 

J s — I J t dz — xoTEq I e~ YZ dz — A/m. 

Jo Jo Y 

Approximating crT/y for large a and using (1.113), (1.105b), and (1.114) gives 
crT _ aS s 2?7 ^ aS s 2(1 + j) _ 2 

y (i + j) in + vo) ~ (i + j) o& s t) 0 t) 0 ' 

so 

~2E Q 

J s ~x — -A/m. (1.128) 

no 

If the conductivity were infinite, then r = — 1 and a true surface current density of 
J s = n x H\ z=0 = -z x (Hi + H r )\ z=0 = xE 0 — (1 - T) = x— A/m 

10 lo 

would flow, which is identical to the total current in (1.128). 

Now replace the exponentially decaying volume current of (1.127) with a uniform 
volume current extending a distance of one skin depth. Thus, let 

j \J S /S S forO <z<S s (1.129) 

{ 0 for z > S s , 

so that the total current flow is the same. Then Joule's law gives the power lost: 

p =^ -ir dzds = ^ / \ J '\ ds = 2 ■ (L130) 

2cr J s J Z=Q Sf 2 J s n 2 

where f s denotes a surface integral over the conductor surface, in this case chosen as 1 m 2 . 
The result of (1.130) agrees with our previous results for P' in (1.126) and (1.124) and 
shows that the power loss in a good conductor can be accurately and simply calculated as 

P* = ^-j s \J s \ 2 ds = ^-j s \H t \ 2 ds, (1.131) 

in terms of the surface resistance R s and the surface current J s , or tangential magnetic field 
H, . It is important to realize that the surface current can be found from J s — h x H, as if 
the metal were a perfect conductor. This method is very general, applying to fields other 
than plane waves and to conductors of arbitrary shape, as long as bends or corners have 
radii on the order of a skin depth or larger. The method is also quite accurate, as the only 
approximation was that r\ <C rjo, which is a good approximation. As an example, copper at 
1 GHz has \r)\ = 0.012 Q, which is indeed much less than ??o = 377 £2. 



EXAMPLE 1.4 PLANE WAVE REFLECTION FROM A CONDUCTOR 

Consider a plane wave normally incident on a half-space of copper. If / = 1 
GHz, compute the propagation constant, intrinsic impedance, and skin depth for 
the conductor. Also compute the reflection and transmission coefficients. 
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Solution 

For copper, a — 5.813 x 10 7 S/m, so from (1.60) the skin depth is 



<5 S = J = 2.088 x 10" 6 m, 

and the propagation constant is, from (1.113), 

y = = (4.789 + j'4.789) x 10 5 m" 1 . 

The intrinsic impedance is, from (1.114), 

r, = = (8.239 + 78.239) x 10~ 3 Q, 

a8 s 

which is quite small relative to the impedance of free-space (no — ill The 
reflection coefficient is, from (1.105a), 

r = 1 - — = 1.0/179.99° 

(practically that of an ideal short circuit), and the transmission coefficient is 

T= 211 = 6.181 x 10~ 5 Z45°. ■ 

OBLIQUE INCIDENCE AT A DIELECTRIC INTERFACE 

We continue our discussion of plane waves by considering the problem of a plane wave 
obliquely incident on a plane interface between two lossless dielectric regions, as shown in 
Figure 1.13. There are two canonical cases of this problem: the electric field is either in the 
xz plane (parallel polarization) or normal to the xz plane (perpendicular polarization). An 
arbitrary incident plane wave, of course, may have a polarization that is neither of these, 
but it can be expressed as a linear combination of these two individual cases. 

The general method of solution is similar to the problem of normal incidence: we will 
write expressions for the incident, reflected, and transmitted fields in each region and match 
boundary conditions to find the unknown amplitude coefficients and angles. 























z 
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FIGURE 1.13 Geometry for a plane wave obliquely incident at the interface between two dielec- 
tric regions. 
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Parallel Polarization 

In this case the electric field vector lies in the xz plane, and the incident fields can be 
written as 

Ei = E Q (x cosOi - zsmei)e- jki(xsine - +zco,ie -\ (1.132a) 
^ = ^e-jhixsmGi+zcosei)^ (1.132b) 

m 

where k\ — co^/jloe^ and n\ — V/W^i are the propagation constant and impedance of 
region 1. The reflected and transmitted fields can be written as 

E r = EoIXicosft- +£sin0 r )e-^ l(tsin ^- zcos ^ ) , (1.133a) 
H r = Z EQ Ly e -jh(^ine r - Z co S e r ) ^ (1.133b) 

m 

E, = E Q T(xcos9 t -Ume t )e- jk2( - xsine ' +zcose '\ (1.134a) 
H, = M^ e -7*2(*sine,+zcos0 ( )_ (1.134b) 

m 

Here, T and T are the reflection and transmission coefficients, and kj_ and r\2 are tne prop- 
agation constant and impedance of region 2, defined as 

k 2 = o>VMoe2, »?2 = 

At this point we have Y, T, 6 r , and 0 f as unknowns. 

We can obtain two complex equations for these unknowns by enforcing the continuity 
of E x and H y , the tangential field components, at the interface between the two regions at 
z — 0. We then obtain 

cos6ie- jklxsinei +rcos8 r e- jklxsine ' — T cos 6 t e~' kix sine ' , (1.135a) 

i r t 

_ e -jkixsm6i _ j_ g -jkixsm9 r _ j_ e -jk 2 xsine, ^ 135b) 

m m i)i 

Both sides of (1.135a) and (1.135b) are functions of the coordinate x. If E x and H y are 
to be continuous at the interface z — 0 for all x, then this x variation must be the same on 
both sides of the equations, leading to the following condition: 

k\ sin 6*; = k\ sin0 r = ki sin6* f . 

This results in the well4mown Snell's laws of reflection and refraction: 

6i = 0 r , (1.136a) 
k\ sin 6i — k2 sin 0 t . (1.1 36b) 

The above argument ensures that the phase terms in (1.135) vary with x at the same rate 
on both sides of the interface, and so is often called the phase matching condition. 

Using (1.136) in (1.135) allows us to solve for the reflection and transmission coeffi- 
cients as 

m cos 6t — n\ cos ft 

T = — -, (1.137a) 

r)2COS0 t + i]i cos ft 

2m cos 9; 

T = . (1.137b) 

T]2CO&9 t + l]i COS ft 
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Observe that for normal incidence = 0, we have 8 r — 6 t — 0, so then 
r = and T 



m+m m+m 

which is in agreement with the results of Section 1.7. 

For this polarization a special angle of incidence, 9b, called the Brewster angle, ex- 
ists where T = 0. This occurs when the numerator of (1.137a) goes to zero (6j = 9b): 
r}2 cos 9 t — r\\ cos 9b, which can be rewritten using 



cos 9, = yj 1 - sin 2 # r = /l - ^ sin 2 0 fc , 

V ^2 



to give 



sm9 h =—==. (1.138) 
VI + ei/62 



Perpendicular Polarization 



In this case the electric field vector is perpendicular to the xz plane. The incident field can 
be written as 

E t = E 0 ye-j kl(xsine - +zcose ' ) , (1.139a) 
Hi = — (- x cos e t + z sin 0,- )e~ jkl {x sin e < +z co * 6 '\ (1.1 39b) 

where fci = &>VMoei an d *?l = V/W e i are the propagation constant and impedance for 
region 1, as before. The reflected and transmitted fields can be expressed as 

E r = E Q rye-j kl(xiiin0 '- zco * 0r) , (1.140a) 

H r = — (xcos9 r +zsm9 r )e-j k i (xsine '- zc<Ke '- ) , (1.140b) 

m 

E t = E 0 Tye- jk2(xsilie ' +zcos9 '\ (1.141a) 
H, = — (-xcos9 t +zsm9 t )e-j k2(xsine > +zco * e > ) , (1.141b) 

m 

with k2 — tt>VyU-oC2 and r\2 — V/W^ being the propagation constant and impedance in 
region 2. 

Equating the tangential field components E y and H x at z — 0 gives 

e -jkixsm6i _|_ p g -/t|i sin0 r _ j g -jk 2 x sing, ^ 142a) 

— cos^e-*" 1 " 6 ' + — cos^e"-'* 2 * 8 ^ = — cos0 ? e-^ sin9 '. (1.142b) 
»?l »?i 12 

By the same phase matching argument that was used in the parallel case, we obtain Snell's 
laws 

k\ sin $i — k\ sin 9 r — k2 sin 9 t 

identical to (1.136). 
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Using (1.136) in (1.142) allows us to solve for the reflection and transmission coeffi- 
cients as 

m cos 9; — ni cos 9, 

T = — -, (1.143a) 

r\2 cos Oi + n\ cos9 t 

2m cos 9; 

T = . (1.143b) 

r]2 cos 9i + n\ cos9 t 

Again, for the normally incident case, these results reduce to those of Section 1.7. 

For this polarization no Brewster angle exists where T = 0, as we can see by examin- 
ing the possibility that the numerator of (1.143a) could be zero: 

r]2 cos 9i — r\\ cos9 t , 

and using Snell's law to give 

k 2 2 (r 1 2 2 -r 1 i) = (kW2-k 2 l tf) sin 2 ft. 

This leads to a contradiction since the term in parentheses on the right-hand side is identi- 
cally zero for dielectric media. Thus, no Brewster angle exists for perpendicular polariza- 
tion for dielectric media. 



EXAMPLE 1.5 OBLIQUE REFLECTION FROM A DIELECTRIC INTERFACE 

Plot the reflection coefficients versus incidence angle for parallel and perpendic- 
ular polarized plane waves incident from free-space onto a dielectric region with 
e r = 2.55. 

Solution 

The impedances for the two regions are 
?7i = 377^, 

m = —p= = , = 236^. 
4255 

We then evaluate (1.137a) and (1.143a) versus incidence angle; the results are 
shown in Figure 1. 14. ■ 



Total Ref lectio and Surface Waves 

Snell's law of (1. 136b) can be rewritten as 

sin 9, = 7— sin (9,. (1.144) 

V f 2 

Consider the case (for either parallel or perpendicular polarization) where ei > e 2 . As 0, 
increases, the refraction angle 9 t will increase, but at a faster rate than 9j increases. The 
incidence angle 9j for which 9, — 90° is called the critical angle, 9 C , where 

sin0 c = /— . (1.145) 
V e i 

At this angle and beyond, the incident wave will be totally reflected, as the transmitted 
wave will not propagate into region 2. Let us look at this situation more closely for the 
case of 9i > 9 C with parallel polarization. 
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FIGURE 1.14 Reflection coefficient magnitude for parallel and perpendicular polarizations of a 
plane wave obliquely incident on a dielectric half-space. 



When d[ > 0 C (1.144) shows that sin#, > 1, so that cos# f = y/l — sin 2 6, must be 
imaginary, and the angle 0 t loses its physical significance. At this point, it is better to 
replace the expressions for the transmitted fields in region 2 with the following: 

E t = E 0 t(^x - ^e-^ x e- az , (1.146a) 
H t = ^-ye-i^e-^. (1.146b) 

m 

The form of these fields is derived from (1.134) after noting that —jki sin^ is still imag- 
inary for sin0 f > 1 but — jk2 cos 9, is real, so we can replace sinfy by an d cosfy by 
—joi/k2- Substituting (1.146b) into the Helmholtz wave equation for H gives 

-P 2 + a 2 + k\ = 0. (1.147) 

Matching E x and H y of (1.146) with the x and y components of the incident and reflected 
fields of (1.132) and (1.133) at z = 0 gives 

cosOie-i* 1 '™ 01 + rcos8 r e- jklxsin(> ' = ~^-Te- jPx , (1.148a) 
i r t 

_ e -jkixsm0j _ ^_ e -jkixsin8 r _ _ £ -jfix _ (1.148b) 

m m m 

To obtain phase matching at the z — 0 boundary, we must have 



k\ sin# ( - = k\ sin# r = /6, 
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which leads again to Snell's law for reflection, 0, — 6 r , and to p — k\ sinf?,-. Then a is 
determined from (1.147) as 

a = - k\ = yjk\ sin 2 9i - k\, (1.149) 

which is seen to be a positive real number since sin 2 0; > 62/ei. The reflection and trans- 
mission coefficients can be obtained from (1.148) as 

(— ja/ko)^? — Vi cos ft 

r = T^TTV^ 1 7T> < L150a > 

{-ja/k 2 )m + m cosBi 

2m cos ft 

T = . (1.150b) 

{-ja/k 2 )m + m cosBt 

Since F is of the form (ja — b)/(ja + b), its magnitude is unity, indicating that all incident 
power is reflected. 

The transmitted fields of (1.146) show propagation in the x direction, along the inter- 
face, but exponential decay in the z direction. Such a field is known as a surface wave 3 
since it is tightly bound to the interface. A surface wave is an example of a nonuniform 
plane wave, so called because it has an amplitude variation in the z direction, apart from 
the propagation factor in the x direction. 

Finally, it is of interest to calculate the complex Poynting vector for the surface wave 
fields of (1.146): 



\Ep\ 2 \T\ 2 f^-ja , „0\ _ 2az 



S, = E,x H* = ( z^+xj- )e~ La \ (1.151) 



This shows that no real power flow occurs in the z direction. The real power flow in the 
x direction is that of the surface wave field, and it decays exponentially with distance into 
region 2. So even though no real power is transmitted into region 2, a nonzero field does 
exist there, in order to satisfy the boundary conditions at the interface. 



SOME USEFUL THEOREMS 

Finally, we discuss several theorems in electromagnetics that we will find useful for later 
discussions. 



The Reciprocity Theorem 

Reciprocity is a general concept that occurs in many areas of physics and engineering, 
and the reader may already be familiar with the reciprocity theorem of circuit theory. Here 
we will derive the Lorentz reciprocity theorem for electromagnetic fields in two different 
forms. This theorem will be used later in the book to obtain general properties of network 
matrices representing microwave circuits and to evaluate the coupling of waveguides from 
current probes and loops, as well as the coupling of waveguides through apertures. There 
are a number of other important uses of this powerful concept. 



Some authors argue that the term "surface wave" should not be used for a field of this type since it exists only 
when plane wave fields exist in the z < 0 region, and so prefer the term "surface wave-like" field, or a "forced 
surface wave." 
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Consider the two separate sets of sources, J\, M\ and J 2 , M 2 , which generate the fields 
E\, Hi, and E 2 , H 2 , respectively, in the volume V enclosed by the closed surface S, as 
shown in Figure 1.15. Maxwell's equations are satisfied individually for these two sets of 
sources and fields, so we can write 

V x E\ = -jcofiHi - Mi, (1.152a) 

V x Hi = jcoeEi + Ji, (1.152b) 

V x E 2 = -j(D^H 2 - M 2 , (1.153a) 

V x H 2 = jcoeE 2 + J 2 . (1.153b) 

Now consider the quantity V • (Ei x H 2 — E 2 x Hi), which can be expanded using vector 
identity (B.8) to give 

V • (Ei x H 2 - E 2 x Hi) = Ji-E 2 -J 2 -Ei+M 2 -Hi-Mi- H 2 . (1.154) 
Integrating over the volume V and applying the divergence theorem (B.15), gives 

V • (Ei x H 2 - E 2 x Hi)dv = <b(Ei x H 2 - E 2 x Hi) ■ ds (1.155) 



I 



L 



(E 2 ■ Ji - Ei ■ J 2 + Hi ■ M 2 - H 2 ■ Mi) dv 

v 

Equation (1.155) represents a general form of the reciprocity theorem, but in practice a 
number of special situations often occur leading to some simplification. We will consider 
three cases. 

S encloses no sources: Then Ji — J 2 — Mi — M 2 — 0, and the fields Ei, Hi and E 2 , H 2 
are source-free fields. In this case, the right-hand side of (1.155) vanishes, with the result 
that 

<*> Ei x H 2 ds = d) E 2 x Hi- ds. (1.156) 
Js Js 

This result will be used in Chapter 4 when we demonstrate the symmetry of the impedance 
matrix for a reciprocal microwave network. 

S bounds a perfect conductor: For example, S may be the inner surface of a perfectly con- 
ducting closed cavity. Then the surface integral of (1.155) vanishes since Ei x H 2 ■ h — 
(h x Ei) ■ H 2 [by vector identity (B.3)], and h x Ei is zero on the surface of a perfect 
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conductor (similarly for E 2 ). The result is 

[ (Ei J 2 -Hi- M 2 )dv = [ (E 2 -J[-H 2 - M x )dv. (1.157) 
Jv Jv 

This result is analogous to the reciprocity theorem of circuit theory. In words, this result 
states that the system response E\ or E 2 is not changed when the source and observation 
points are interchanged. That is, E 2 (caused by J 2 ) at J\ is the same as Ei (caused by Ji) 
at J 2 . 

S is a sphere at infinity: In this case the fields evaluated on S are very far from the sources 
and so can be considered locally as plane waves. Then the wave impedance relation H = 
h x E/rj applies to (1.155) to give 

(El x H 2 - E 2 x Hi) ■ h = (h x Ei) • H 2 -(nx E 2 ) ■ H x 

1 - - 1 - - 

- -H { ■ H 2 - -H 2 ■H l =0, 

n n 

so that the result of (1.157) is again obtained. This result can also be obtained for the case 
of a closed surface S where the surface impedance boundary condition applies. 



Image Theory 

In many problems a current source (electric or magnetic) is located in the vicinity of a 
conducting ground plane. Image theory permits the removal of the ground plane by placing 
a virtual image source on the other side of the ground plane. The reader should be familiar 
with this concept from electrostatics, so we will prove the result for an infinite current sheet 
next to an infinite ground plane and then summarize other possible cases. 

Consider the surface current density J s — J s qx parallel to a ground plane, as shown 
in Figure 1.16a. Because the current source is of infinite extent and is uniform in the x, y 
directions, it will excite plane waves traveling outward from it. The negatively traveling 

Source 



0 d 

(a) 

^_ Image 

-I 



-d 0 d z 

(b) 

FIGURE 1.16 Illustration of image theory as applied to an electric current source next to a ground 
plane, (a) An electric surface current density parallel to a ground plane, (b) The 
ground plane of (a) is replaced with image current at z = — d. 
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wave will reflect from the ground plane at z — 0 and then travel in the positive direction. 
Thus, there will be a standing wave field in the region 0 < z < d and a positively traveling 
wave for z > d. The forms of the fields in these two regions can thus be written as 

E s x = A(e jk ° z - e- jkoZ ), for 0 < z < d, (1.158a) 

Hi = — (e jk ° z + e- jkoZ ), for 0 < z < d, (1.158b) 

y no 

E+ = Be- jkoZ , fovz > d, (1.159a) 

H+ = — e - jkoz , for z>d, (1.159b) 

no 

where is the impedance of free-space. Note that the standing wave fields of (1.158) have 
been constructed to satisfy the boundary condition that E x — 0 at z — 0. The remaining 
boundary conditions to satisfy are the continuity of E at z — d and the discontinuity in the 
H field at z = d due to the current sheet. From (1.36), since M s — 0, 

E s x = E+\ z=d , (1.160a) 

while from (1.37) we have 

/, = z x y(H+ - H s y )\ z=d . (1.160b) 
Using (1.158) and (1.159) then gives 

2jAsink Q d = Be- jkod 

B _ ;w 2A 
and J s o — e ■' 0 coskod, 

no no 

which can be solved for A and B: 

-J s ono r - jknd 

2 

B - -jJ s onosinkod. 

So the total fields are 

El = -jJ s0 noe~ jkod sinkoz, forO < z < d, (1.161a) 

H s y = J sQ e- jkQd cosk 0 z, forO < z < d, (1.161b) 

E+ = -jJ sQ r] Q smk 0 de- jkoZ > for z>d, (1.162a) 

H+ = -j J s0 sin k Q de- jkoZ ' for z > d. (1 . 162b) 

Now consider the application of image theory to this problem. As shown in Figure 
1.16b, the ground plane is removed and an image source of —J s is placed at z = —d. By 
superposition, the total fields for z > 0 can be found by combining the fields from the two 
sources individually. These fields can be derived by a procedure similar to that in the above, 
with the following results: 



Fields due to source at z = d: 

-Jsono 

E x = 



e -jk 0 (z-d) f 0rz>d 

-^ono^Mz-d) forz<dj 

2 



(1.163a) 



44 Chapter 1 : Electromagnetic Theory 



Hy = 



-JsO 



-jko(z-d) 



JsO 



jko(z-d) 



Fields due to source at z = —d: 



E x = 



Jsono 



-jk Q (z+d) 



jk 0 (z+d) 



JsO 



-jk 0 (z+d) 



-JsO 



jk 0 (z+d) 



foiz>d 
for z < d. 

forz > —d 
forz < — d, 

forz > —d 
forz < —d. 



(1.163b) 



(1.164a) 



(1.164b) 



The reader can verify that this solution is identical to that of (1.161) for 0 < z < d and to 
that of (1. 162) for z > d, thus verifying the validity of the image theory solution. Note that 
image theory only gives the correct fields to the right of the conducting plane. Figure 1.17 
shows more general image theory results for electric and magnetic dipoles. 



Original Image 
Geometry Equivalent 



(a) 






FIGURE 1.17 Electric and magnetic current images, (a) An electric current parallel to a ground 
plane, (b) An electric current normal to a ground plane, (c) A magnetic current 
parallel to a ground plane, (d) A magnetic current normal to a ground plane. 
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PROBLEMS 

1.1 Who invented radio? Guglielmo Marconi often receives credit for the invention of modern radio, 
but there were several important developments by other workers before Marconi. Write a brief sum- 
mary of the early work in wireless during the period of 1865-1900, particularly the work by Mahlon 
Loomis, Oliver Lodge, Nikola Tesla, and Marconi. Explain the difference between inductive com- 
munication schemes and wireless methods that involve wave propagation. Can the development of 
radio be attributed to a single individual? Reference [1] may be a good starting point. 

1.2 A plane wave traveling along the x-axis in a polystyrene-filled region with e r — 2.54 has an elec- 
tric field given by E y — Eq cos(cot — kx). The frequency is 2.4 GHz, and Eq = 5.0 V/m. Find the 
following: (a) the amplitude and direction of the magnetic field, (b) the phase velocity, (c) the wave- 
length, and (d) the phase shift between the positions x\ — 0.1 m and xj — 0.15 m. 

1.3 Show that a linearly polarized plane wave of the form E — Eq(ox + by)e~i kt)Z , where a and b are 
real numbers, can be represented as the sum of an RHCP and an LHCP wave. 

1.4 Compute the Poynting vector for the general plane wave field of (1.76). 

1.5 A plane wave is normally incident on a dielectric slab of permittivity e r and thickness d, where d — 
A.o/(4^/e7) and Xq is the free-space wavelength of the incident wave, as shown in the accompanying 
figure. If free-space exists on both sides of the slab, find the reflection coefficient of the wave reflected 
from the front of the slab. 



1 




0 d z 

1.6 Consider an RHCP plane wave normally incident from free-space (z < 0) onto a half-space (z > 0) 
consisting of a good conductor. Let the incident electric field be of the form 



Ei=E Q (x-jy)e-J k ^, 
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and find the electric and magnetic fields in the region z > 0. Compute the Poynting vectors for z < 0 
and z > 0 and show that complex power is conserved. What is the polarization of the reflected wave? 

1.7 Consider a plane wave propagating in a lossy dielectric medium for z < 0, with a perfectly conduct- 
ing plate at z = 0. Assume that the lossy medium is characterized by e = (5 — j'2)eo, M = M0> an d 
that the frequency of the plane wave is 1 .0 GHz, and let the amplitude of the incident electric field be 
4 V/m at z = 0. Find the reflected electric field for z < 0 and plot the magnitude of the total electric 
field for -0.5 < z < 0. 

1.8 A plane wave at 1 GHz is normally incident on a thin copper sheet of thickness t. (a) Compute the 
transmission losses, in dB, of the wave at the air-copper and the copper-air interfaces, (b) If the sheet 
is to be used as a shield to reduce the level of the transmitted wave by 150 dB, what is the minimum 
sheet thickness? 

1.9 A uniform lossy medium with t r = 3.0, tan S = 0.1, and fi = /xq fills the region between z = 0 and 
z — 20 cm, with a ground plane at z — 20 cm, as shown in the accompanying figure. An incident 
plane wave with an electric field 

Ei = xl00e~ yz V/m 

is present at z — 0 and propagates in the +z direction. The frequency is 3.0 GHz. 

(a) Compute 5,-, the power density of the incident wave, and S r , the power density of the reflected 
wave, at z = 0. 

(b) Compute the input power density, 5; n , at z = 0 from the total fields at z = 0. Does 5; n = 
Si - S r l 




0 / = 20 cm z 



1.10 Assume that an infinite sheet of electric surface current density J s — Jqx A/m is placed on the z — 0 
plane between free-space for z < 0 and a dielectric with e — e r eo for z > 0, as in the accompanying 
figure. Find the resulting E and H fields in the two regions. HINT: Assume plane wave solutions 
propagating away from the current sheet, and match boundary conditions to find the amplitudes, as 
in Example 1.3. 




0 z 

1.11 Redo Problem 1.10, but with an electric surface current density of J s = Joxe~jP x A/m, where 
P <ko- 
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1.12 A parallel polarized plane wave is obliquely incident from free-space onto a magnetic material with 
permittivity 6q an d permeability /UoMr- Find the reflection and transmission coefficients. Does a 
Brewster angle exist for this case where the reflection coefficient vanishes for a particular angle of 
incidence? 

1.13 Repeat Problem 1.12 for the perpendicularly polarized case. 

1.14 An artificial anisotropic dielectric material has the tensor permittivity [e] given as follows: 



1 3j 0 
-3j 2 0 
0 0 4 



At a certain point in the material the electric field is known to be E — 3x — 2y + 5z. What is D at 
this point? 

1.15 The permittivity tensor for a gyrotropic dielectric material is 



Show that the transformations 







o- 


[e] = eo 




0 




_ 0 0 


1 , 



E+=E x -jE y , D+ = D x -jD y , 

E- = E x + jEy, D-=D X + jDy, 

allow the relation between E and D to be written as 



\D+- 




-E+l 


D- 


= [«'] 


E- 


- D z - 




- E z - 



where [e'] is now a diagonal matrix. What are the elements of [e']l Using this result, derive wave 
equations for £+ and E- and find the resulting propagation constants. 

1.16 Show that the reciprocity theorem expressed in (1.157) also applies to a region enclosed by a closed 
surface 5, where a surface impedance boundary condition applies. 

1.17 Consider an electric surface current density of J s = yJ(,e~P x Aim located on the z = d plane. If a 
perfectly conducting ground plane is located at z = 0, use image theory to find the total fields for 

z > 0. 

1.18 Let E = Epp + E^ip + E z z be an electric field vector in cylindrical coordinates. Demonstrate that 
it is incorrect to interpret the expression V 2 E in cylindrical coordinates as pV 2 E p +<j>V 2 E ( p + 



zV 2 E z by evaluating both sides of the vector identity V x V x £ = V(V ■ £) 
electric field. 



V z £ for the given 
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Transmission Line Theory 



Transmission line theory bridges the gap between field analysis and basic circuit theory 
and therefore is of significant importance in the analysis of microwave circuits and devices. 
As we will see, the phenomenon of wave propagation on transmission lines can be approached 
from an extension of circuit theory or from a specialization of Maxwell's equations; we shall 
present both viewpoints and show how this wave propagation is described by equations very 
similar to those used in Chapter 1 for plane wave propagation. 



THE LUMPED-ELEMENT CIRCUIT MODEL 
FOR A TRANSMISSION LINE 

The key difference between circuit theory and transmission line theory is electrical size. 
Circuit analysis assumes that the physical dimensions of the network are much smaller 
than the electrical wavelength, while transmission lines may be a considerable fraction 
of a wavelength, or many wavelengths, in size. Thus a transmission line is a distributed- 
parameter network, where voltages and currents can vary in magnitude and phase over 
its length, while ordinary circuit analysis deals with lumped elements, where voltage and 
current do not vary appreciably over the physical dimension of the elements. 

As shown in Figure 2.1a, a transmission line is often schematically represented as a 
two-wire line since transmission lines (for transverse electromagnetic [TEM] wave propa- 
gation) always have at least two conductors. The piece of line of infinitesimal length Az of 
Figure 2.1a can be modeled as a lumped-element circuit, as shown in Figure 2.1b, where 
R, L, G, and C are per-unit-length quantities defined as follows: 

R — series resistance per unit length, for both conductors, in £2/m. 
L = series inductance per unit length, for both conductors, in H/m. 
G — shunt conductance per unit length, in S/m. 
C = shunt capacitance per unit length, in F/m. 
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FIGURE 2.1 Voltage and current definitions and equivalent circuit for an incremental length of 
transmission line, (a) Voltage and current definitions, (b) Lumped-element equiva- 
lent circuit. 



The series inductance L represents the total self-inductance of the two conductors, 
and the shunt capacitance C is due to the close proximity of the two conductors. The 
series resistance R represents the resistance due to the finite conductivity of the individual 
conductors, and the shunt conductance G is due to dielectric loss in the material between 
the conductors. R and G, therefore, represent loss. A finite length of transmission line can 
be viewed as a cascade of sections of the form shown in Figure 2.1b. 

From the circuit of Figure 2.1b, Kirchhoff's voltage law can be applied to give 

v(z, t) - RAziiz, t) - LAz^%^ - v(z + Az, t) = 0, (2.1a) 

at 

and Kirchhoff's current law leads to 

i(z, t) - GAzv(z + Az, t) - CAz dV{Z \ AZJ) - i(z + Az, t) = 0. (2.1b) 

at 

Dividing (2.1a) and (2.1b) by Az and taking the limit as Az — > 0 gives the following 
differential equations: 

dv(z,t) di(z,t) 

-y-L = -Ri( Ztt )-L-^-!-, (2.2a) 
dz at 

— --Gv(z,t)-C — . (2.2b) 

az at 

These are the time domain form of the transmission line equations, also known as the 
telegrapher equations. 

For the sinusoidal steady-state condition, with cosine-based phasors, (2.2a) and (2.2b) 
simplify to 

dV(z) 

-(R + jcoL)I(z), (2.3a) 



dz 
dl(z) 
dz 



= -(G+jcoC)V(z). (2.3b) 
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Note the similarity in the form of (2.3a) and (2.3b) and Maxwell's curl equations of (1.41a) 
and (1.41b). 



Wave Propagation on a Transmission Line 

The two equations (2.3a) and (2.3b) can be solved simultaneously to give wave equations 
for V(z) and I(z): 

^ ) -^(z) = 0, (2.4a) 
^-Y z I(z) = 0, (2.4b) 



d 2 Kz) , 2 
dz 2 



where 



y = a + jfi = y/(R + jeoL)(G + j(oC) (2.5) 



is the complex propagation constant, which is a function of frequency. Traveling wave 
solutions to (2.4) can be found as 

V(z) = V+e~ yz + V~e yz , (2.6a) 
I( Z ) = I+e- yz +I~e yz , (2.6b) 

where the e~ yz term represents wave propagation in the +z direction, and the e rz term 
represents wave propagation in the — z direction. Applying (2.3a) to the voltage of (2.6a) 
gives the current on the line: 

R + jcoL 

Comparison with (2.6b) shows that a characteristic impedance, Zq, can be defined as 



R + jcoL R + jcoL 
to relate the voltage and current on the line as follows: 

v a + 7 -v- 

Then (2.6b) can be rewritten in the following form: 

I(z) = ^-e-v z -^-er z . (2.8) 

Converting back to the time domain, we can express the voltage waveform as 

v(z,t)= \ V+\cos(cot - fiz + <p + )e~ az 

+ \V-\cos(cot + pz + <p-)e az , (2.9) 

where 0 ± is the phase angle of the complex voltage V^. Using arguments similar to those 
in Section 1.4, we find that the wavelength on the line is 

2jt 

X=— , (2.10) 
P 
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and the phase velocity is 



The Lossless Line 



CO 



The above solution is for a general transmission line, including loss effects, and it was seen 
that the propagation constant and characteristic impedance were complex. In many practi- 
cal cases, however, the loss of the line is very small and so can be neglected, resulting in a 
simplification of the results. Setting R — G — 0 in (2.5) gives the propagation constant as 

y = a + iP = jtoJTc, 

or 

^ = wVZC, (2.12a) 
ot = 0. (2.12b) 

As expected for a lossless line, the attenuation constant a is zero. The characteristic 
impedance of (2.7) reduces to 

z o = /f> (2.13) 

which is now a real number. The general solutions for voltage and current on a lossless 
transmission line can then be written as 

V(z) = V+e~ iPz + V~e ifSz , (2.14a) 
I( Z ) = ^-e~^ z - ^-e^ z . (2.14b) 



The wavelength is 



and the phase velocity is 



2jz 2tt 

^=^r = — 1=, (2.15) 
P coVLC 



v >—rm- {2A6) 



FIELD ANALYSIS OF TRANSMISSION LINES 

In this section we will rederive the time-harmonic form of the telegrapher's equations start- 
ing from Maxwell's equations. We will begin by deriving the transmission line parameters 
(R, L, G, C) in terms of the electric and magnetic fields of the transmission line and then 
derive the telegrapher equations using these parameters for the specific case of a coaxial 
line. 

Transmission Line Parameters 

Consider aim length of a uniform transmission line with fields E and H, as shown in 
Figure 2.2, where S is the cross-sectional surface area of the line. Let the voltage between 
the conductors be V 0 e ± ^ z and the current be I 0 e ± j^ z . The time-average stored magnetic 
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FIGURE 2.2 Field lines on an arbitrary TEM transmission line. 



energy for this 1 m length of line can be written, from (1.86), as 



j H H* 



= T / H 
4 .Is 



while circuit theory gives W m — L\I D \ 2 /4 in terms of the current on the line. We can thus 
identify the self-inductance per unit length as 

L = -At f H ■ H*ds H/m. (2.17) 

\IoV JS 

Similarly, the time-average stored electric energy per unit length can be found from (1.84) 

as 



W e = - I E- E*ds, 

while circuit theory gives W e — C\V 0 \ 2 /4, resulting in the following expression for the 
capacitance per unit length: 



f E E*ds¥lm. (2.18) 

Wo\ 2 J S 



From (1.131), the power loss per unit length due to the finite conductivity of the metallic 
conductors is 



= M H ■ H* 

2 Jc,+c 2 



*d£ 

ICi+C 2 

|2 , 



(assuming H is tangential to S), while circuit theory gives P c — R\I 0 \ l /2, so the series 
resistance R per unit length of line is 



R f 

R = -A; / H ■ H*dl Slim. (2.19) 

\Io\ JC1+C2 



In (2.19), R s — l/aS s is the surface resistance of the conductors, and C\ + C2 represent 
integration paths over the conductor boundaries. From (1.92), the time-average power dis- 
sipated per unit length in a lossy dielectric is 



= ^fj s E- 



where e" is the imaginary part of the complex permittivity e = e' — je" = e'(l — j tan 5). 
Circuit theory gives Pd — G\V 0 \ 2 /2, so the shunt conductance per unit length can be 
written as 



ax" f 



E ■ E*ds S/m. (2.20) 

s 
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FIGURE 2.3 Geometry of a coaxial line with surface resistance R s on the inner and outer 
conductors. 




EXAMPLE 2.1 TRANSMISSION LINE PARAMETERS OF A COAXIAL LINE 

The fields of a traveling TEM wave inside the coaxial line of Figure 2.3 can be 
expressed as 



E = 



V 0 p 



-yz 



p In b/a 
I, " 



H = e 

LTtp 



yz 



where y is the propagation constant of the line. The conductors are assumed to 
have a surface resistivity R s , and the material filling the space between the con- 
ductors is assumed to have a complex permittivity e — e' — je" and a permeabil- 
ity [i — jJLQii r . Determine the transmission line parameters. 

Solution 

From (2.17)-(2.20) and the given fields the parameters of the coaxial line can be 
calculated as 

-271 pb 



(2tt) 2 i 0=O Jp=a P' 

e' r 2K f b 1 
(lnb/a) 2 J0 =o y p =a P : 



pdpdcp — ^-lnfo/a H/m, 

Lit 



pdpd<f> 



2jte' 
lnb/a 



F/m, 



R = 



(2tt) 2 



-2tt 



1 



G = 



one 
(lnfo/ ( 



/0=O a 
*2tz pb 



jadcp + 



n n2n pb ^ 
'a) 2 A=0 Jp=a P 2 



2jtcoe" 

pdpdcp — S/m. 

\nb/a 



1 1 

- + u 
a b 



Q/m, 



Table 2.1 summarizes the parameters for coaxial, two-wire, and parallel plate lines. 
As we will see in the next chapter, the propagation constant, characteristic impedance, and 
attenuation of most transmission lines are usually derived directly from a field theory so- 
lution; the approach here of first finding the equivalent circuit parameters (L, C, R, G) is 
useful only for relatively simple lines. Nevertheless, it provides a helpful intuitive concept 
for understanding the properties of a transmission line and relates a transmission line to its 
equivalent circuit model. 
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TABLE 2.1 Transmission Line Parameters for Some Common Lines 
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D 
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d 

1 
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^cosh-lf D ) 


fid 


2n a 
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2jre' 




e'w 


\nb/a 


cosh" 1 (£»/2a) 


~d~ 




Rs_ 


2R S 


2n (a ~*~ b) 








ita 
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2ncoe" 


jtwe" 


coe"w 


\nb/a 


cosh" 1 (D/2a) 
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The Telegrapher Equations Derived from Field Analysis 
of a Coaxial Line 

We now show that the telegrapher equations of (2.3), derived using circuit theory, can 
also be obtained from Maxwell's equations. We will consider the specific geometry of the 
coaxial line of Figure 2.3. Although we will treat TEM wave propagation more generally 
in the next chapter, the present discussion should provide some insight into the relationship 
of circuit and field quantities. 

A TEM wave on the coaxial line of Figure 2.3 will be characterized by E z — H z — 0 ; 
furthermore, due to azimuthal symmetry, the fields will have no <p variation, so 3/30 = 0. 
The fields inside the coaxial line will satisfy Maxwell's curl equations, 

V x E = -jco/xH, (2.21a) 

V x H = jcoeE, (2.21b) 

where e — e' — je" may be complex to allow for a lossy dielectric filling. Conductor loss 
will be ignored here. A rigorous field analysis of conductor loss can be carried out but at 
this point would tend to obscure our purpose; the interested reader is referred to references 
[1] and [2]. 

Expanding (2.21a) and (2.21b) gives the following two vector equations: 

-p—±+4 > —^+z- — (pE lt> ) = -jwii(pH p + 4>H^), (2.22a) 
dz oz p dp 

„3Hw, ~dH p Ad . 
-p— ± + <j>—^ + z- — (pH <p ) = jco€ipE p + 0£ 0 ). (2.22b) 
dz dz p dp 

Since the z components of these two equations must vanish, it is seen that E^ and must 
have the forms 



(2.23a) 



(2.23b) 
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To satisfy the boundary condition that — 0 at p — a, /?, we must have — 0 every- 
where, due to the form of E^ in (2.23a). Then from the p component of (2.22a), it is seen 
that Hp — 0. With these results, (2.22) can be reduced to 

^ = -jcofiH^, (2.24a) 
dz 

= -jco € E p . (2.24b) 

dz 

From the form of in (2.23b) and (2.24a), E p must be of the form 

E P = (2.25) 
P 

Using (2.23b) and (2.25) in (2.24) gives 

~ — = -j(0(ig(.z), (2.26a) 
3z 

^ = -jcoehiz). (2.26b) 
The voltage between the two conductors can be evaluated as 

f h f b dp b 

V(z) = / E p (p,z)dp = h(z) / — = h(z) In -, (2.27a) 

J p=a J p=a P a 

and the total current on the inner conductor at p — a can be evaluated using (2.23b) as 

rllt 

Hz)= H 4> {a,z)ad<j> = 2ng{z). (2.27b) 

J<t>=0 



Then h{z) and g(z) can be eliminated from (2.26) by using (2.27) to give 

dV(z) ,cofj,\nb/a 
dz 2jt 

= — J<*>(e — je ) . 

dz Inb/a 

Finally, using the results for L, G, and C for a coaxial line as derived earlier, we obtain the 
telegrapher equations as 

dV(z) 

-joLI(z), (2.28a) 



dz 

am 
dz 



-(G + jcoC)V(z). (2.28b) 



This result excludes R, the series resistance, since the conductors were assumed to have 
perfect conductivity. A similar analysis can be carried out for other simple transmission 
lines. 
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Propagation Constant, Impedance, and Power Flow 
for the Lossless Coaxial Line 

Equations (2.24a) and (2.24b) for E p and can be simultaneously solved to yield a wave 
equation for E p (or Hq): 

+ «?p.eE p = 0, (2.29) 

from which it is seen that the propagation constant is y 2 = -co 2 fie, which, for lossless 
media, reduces to 

P = w^jle = coJTc, (2.30) 

where the last result is from (2.12). Observe that this propagation constant is of the same 
form as that for plane waves in a lossless dielectric medium. This is a general result for 
TEM transmission lines. 

The wave impedance for the coaxial line is defined as Z w — E p /H^, which can be 
calculated from (2.24a), assuming an e~^ z dependence, to give 

E p cop. 



Z w — — —p— — VM/e = fj. (2.31) 
H4, P 

This wave impedance is seen to be identical to the intrinsic impedance of the medium, r\, 
and is a general result for TEM transmission lines. 

The characteristic impedance of the coaxial line is defined as 

V„ E p In b/a r\ In b/a HI In b/a 

z o = — = - „ — = — -z = ,/ , (2.32) 

2jtH,p lit V e lit 

where the forms for E p and H,p from Example 2.1 have been used. The characteristic 
impedance is geometry dependent and will be different for other transmission line config- 
urations. 

Finally, the power flow (in the z direction) on the coaxial line may be computed from 
the Poynting vector as 

If-- 1 C 27T C b V I* 1 

P = - ExH*-ds = - / 00 pdpdcp = -V 0 I*, (2.33) 

2 J s 2 J 0=o J p=a 2np l \nb/a 2 

a result that is in clear agreement with circuit theory. This shows that the flow of power 
in a transmission line takes place entirely via the electric and magnetic fields between the 
two conductors; power is not transmitted through the conductors themselves. As we will 
see later, for the case of finite conductivity, power may enter the conductors, but this power 
is then lost as heat and is not delivered to the load. 




THE TERMINATED LOSSLESS TRANSMISSION LINE 



Figure 2.4 shows a lossless transmission line terminated in an arbitrary load impedance Zl . 
This problem will illustrate wave reflection on transmission lines, a fundamental property 
of distributed systems. 

Assume that an incident wave of the form Vj~e~^ z is generated from a source at 
z < 0. We have seen that the ratio of voltage to current for such a traveling wave is Zq, the 
characteristic impedance of the line. However, when the line is terminated in an arbitrary 
load Zl ^ Zq, the ratio of voltage to current at the load must be Z^. Thus, a reflected wave 
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V(z), I(z) — . 


o^r 



FIGURE 2.4 A transmission line terminated in a load impedance Zl . 



must be excited with the appropriate amplitude to satisfy this condition. The total voltage 
on the line can then be written as in (2.14a), as a sum of incident and reflected waves: 

V(z) = V+e~ jfSz + V~e j(Sz . (2.34a) 

Similarly, the total current on the line is described by (2.14b): 

I(z) = —e- JI>z -^e Wz . (2.34b) 
Zq Zo 

The total voltage and current at the load are related by the load impedance, so at z = 0 we 
must have 

7 v(0) y+ + v- 



Solving for V a gives 



Z L -Z Q 
° Z L + Zo 0 • 



The amplitude of the reflected voltage wave normalized to the amplitude of the incident 
voltage wave is defined as the voltage reflection coefficient, Y: 

V~ Z L - Z Q 
r = -2r = — -. (2.35) 

y+ z L + z 0 

The total voltage and current waves on the line can then be written as 

V(z) = V+(e- jflz + Te ifiz ), (2.36a) 

/ ( Z ) = YjL ( e -JP* - Te^ z ) . (2.36b) 
Zo 

From these equations it is seen that the voltage and current on the line consist of a super- 
position of an incident and a reflected wave; such waves are called standing waves. Only 
when r = 0 is there no reflected wave. To obtain T — 0, the load impedance Zl must be 
equal to the characteristic impedance Zo of the transmission line, as seen from (2.35). Such 
a load is said to be matched to the line since there is no reflection of the incident wave. 
Now consider the time-average power flow along the line at the point z: 

p avg = iRe{V(z)/(z)*} = ^^^Rell - r*e~ 2 ^ z + Fe 2 ^ z - \F\ 2 }, 
2 2 Zo 

where (2.36) has been used. The middle two terms in the brackets are of the form A — A* — 
2 j Im {A} and so are purely imaginary. This simplifies the result to 

1 IV + I 2 

Pavg= 2 z^-( 1 -l r D' ( 23? ) 
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which shows that the average power flow is constant at any point on the line and that the 
total power delivered to the load (P a vg) is equal to the incident power (| V+| 2 /2Zo) minus 
the reflected power (| V 0 \ \V\ 2 /2Zo). If F — 0, maximum power is delivered to the load, 
while no power is delivered for |T| = 1. The above discussion assumes that the generator 
is matched, so that there is no re-reflection of the reflected wave from z < 0. 

When the load is mismatched, not all of the available power from the generator is 
delivered to the load. This "loss" is called return loss (RL), and is defined (in dB) as 

RL = —20 log \T\ dB, (2.38) 

so that a matched load (r = 0) has a return loss of oo dB (no reflected power), while a 
total reflection (|T| = 1) has a return loss of 0 dB (all incident power is reflected). Note 
that return loss is a nonnegative number for reflection from a passive network. 

If the load is matched to the line, T = 0 and the magnitude of the voltage on the line is 
| V (z) | = | V+ 1 , which is a constant. Such a line is sometimes said to be flat . When the load 
is mismatched, however, the presence of a reflected wave leads to standing waves, and the 
magnitude of the voltage on the line is not constant. Thus, from (2.36a), 

W(z)\=\V+\\l + Ye 2 ^ | = | V + 1 1 1 + Te- 2 ^ \ 

= |v+l|i + |rv( e - 2 W|, 

where £ — — z is the positive distance measured from the load at z — 0, and 6 is the phase 

of the reflection coefficient (r = |T|e je ). This result shows that the voltage magnitude 

oscillates with position z along the line. The maximum value occurs when the phase term 
e jw-2pl) — i an( j j s gj ven by 

V ma x= |V 0 + ld + |r|). (2.40a) 

The minimum value occurs when the phase term e ' ( 0_2 W = — 1 and is given by 

V min =|V+|(l-|r|). (2.40b) 

As |T| increases, the ratio of V max to V m i n increases, so a measure of the mismatch of a 
line, called the standing wave ratio (SWR), can be defined as 

SW R=^L = i^. (2.41) 

v min i-|r| 

This quantity is also known as the voltage standing wave ratio and is sometimes identified 
as VSWR. From (2.41) it is seen that SWR is a real number such that 1 < SWR < oo, 
where SWR = 1 implies a matched load. 

From (2.39), it is seen that the distance between two successive voltage maxima (or 
minima) is £ — 2n /2f3 — nX/ln — X/2, while the distance between a maximum and a 
minimum is £ — jr/2/S = X/4, where A is the wavelength on the transmission line. 

The reflection coefficient of (2.35) was defined as the ratio of the reflected to the 
incident voltage wave amplitudes at the load (I — 0), but this quantity can be generalized 
to any point £ along the line as follows. From (2.34a), with z = —I, the ratio of the reflected 
component to the incident component is 

y- e -m 

rw = ° ... = r(0) e - 2 -'^, (2.42) 

Vo eJP 1 

where T(0) is the reflection coefficient at z — 0, as given by (2.35). This result is useful 
when transforming the effect of a load mismatch down the line. 
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We have seen that the real power flow on the line is a constant (for a lossless line) but 
that the voltage amplitude, at least for a mismatched line, is oscillatory with position on the 
line. The perceptive reader may therefore have concluded that the impedance seen looking 
into the line must vary with position, and this is indeed the case. At a distance I — — z from 
the load, the input impedance seen looking toward the load is 

_ _ v+ (e^ 1 + re-W) _ 1 + I>- 2 ^ 

Zi " - 7^7 - v 0 + (em-re-JPi) Zo - i-r e -2^ Zo ' (2A3) 

where (2.36a,b) have been used for V(z) and l(z). A more usable form may be obtained 
by using (2.35) for F in (2.43): 

{Z L + Z 0 )e^ + {Z L -Z 0 )e-^ 1 

An = £Q- 



= z 0 



(Z L + Z 0 )ejf> e - (Z L - Z 0 )e-jf> e 
Zl cos pi + jZo sin pi 
Z 0 cos fit + jZ L sin pi 



Z L + iZQtanpi 

= Z 0 J — . (2.44) 

Z 0 + jZ L tan pi 

This is an important result giving the input impedance of a length of transmission line with 
an arbitrary load impedance. We will refer to this result as the transmission line impedance 
equation; some special cases will be considered next. 



Special Cases of Lossless Terminated Lines 

A number of special cases of lossless terminated transmission lines will frequently appear 
in our work, so it is appropriate to consider the properties of such cases here. 

Consider first the transmission line circuit shown in Figure 2.5, where a line is termi- 
nated in a short circuit, Zi — 0. From (2.35) it is seen that the reflection coefficient for 
a short circuit load is T = — 1; it then follows from (2.41) that the standing wave ratio is 
infinite. From (2.36) the voltage and current on the line are 

V (z) = V+ (e- jpz - e^ z ) = -2 j V+ sin pz, (2.45a) 

y+ 2V + 

I(z) = -^-(e-j^ + ei^) = cos pz, (2.45b) 
Zo Zo 

which shows that V — 0 at the load (as expected, for a short circuit), while the current is a 
maximum there. From (2.44), or the ratio V I), the input impedance is 

Z in = jZ 0 tmpi, (2.45c) 

which is seen to be purely imaginary for any length £ and to take on all values between 
+j oo and —joo. For example, when I — 0 we have Z; n = 0, but for I — k/A we have 
Z; n = oo (open circuit). Equation (2.45c) also shows that the impedance is periodic in I, 



V(z\ l(z) 



+ 



Z, =0 



-o- 1 

_l_ 



FIGURE 2.5 A transmission line terminated in a short circuit. 
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FIGURE 2.6 (a) Voltage, (b) current, and (c) impedance (^; n = 0 or oo) variation along a short- 
circuited transmission line. 



repeating for multiples of k/2. The voltage, current, and input reactance for the short- 
circuited line are plotted in Figure 2.6. 

Next consider the open-circuited line shown in Figure 2.7, where Zi — oo. Dividing 
the numerator and denominator of (2.35) by Zi and allowing — > oo shows that the 
reflection coefficient for this case is F = 1, and the standing wave ratio is again infinite. 
From (2.36) the voltage and current on the line are 

V (z) = V+ (e- jfiz + e^ z ) = 2V+ cos fa, (2.46a) 

I(z) = — (e~ Jf>l - e jf}z ) = ~ 2jV ° sin 0 Z , (2.46b) 
Zq Zq 



V(z)./(z) _ ^ /r=0 

Z 0 ,j8 Z i = oc 

I 1 _ 

-/ 0 z 

FIGURE 2.7 A transmission line terminated in an open circuit. 
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FIGURE 2.8 (a) Voltage, (b) current, and (c) impedance (R m — 0 or oo) variation along an open- 
circuited transmission line. 



which shows that now / = 0 at the load, as expected for an open circuit, while the voltage 
is a maximum. The input impedance is 

Z in = -jZocctpt, (2.46c) 

which is also purely imaginary for any length, I. The voltage, current, and input reactance 
of the open-circuited line are plotted in Figure 2.8. 

Now consider terminated transmission lines with some special lengths. If I — A/2, 
(2.44) shows that 

Z in = Z L> (2.47) 

meaning that a half-wavelength line (or any multiple of X/2) does not alter or transform 
the load impedance, regardless of its characteristic impedance. 

If the line is a quarter-wavelength long or, more generally, I — A/4 + nX/2, for n — 
1, 2, 3, . . . , (2.44) shows that the input impedance is given by 




(2.48) 



Such a line is known as a quarter-wave transformer because it has the effect of transform- 
ing the load impedance in an inverse manner, depending on the characteristic impedance 
of the line. We will study this case more thoroughly in Section 2.5. 
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0 z 
FIGURE 2.9 Reflection and transmission at the junction of two transmission lines with different 



characteristic impedances. 

Next consider a transmission line of characteristic impedance Zo feeding a line of dif- 
ferent characteristic impedance, Z\, as shown in Figure 2.9. If the load line is infinitely 
long, or if it is terminated in its own characteristic impedance, so that there are no reflec- 
tions from its far end, then the input impedance seen by the feed line is Zi, so that the 
reflection coefficient Y is 

7, _ 7„ 

(2.49) 



Zi + Z 0 




Not all of the incident wave is reflected; some is transmitted onto the second line with a 
voltage amplitude given by a transmission coefficient. 
From (2.36a) the voltage for z < 0 is 

V(z) = V+(e~ j(lz + Te jfiz ), z < 0, (2.50a) 

where V+ is the amplitude of the incident voltage wave on the feed line. The voltage wave 
for z > 0, in the absence of reflections, is outgoing only and can be written as 

V(z) = V+Te~ j(Sz forz>0. (2.50b) 

Equating these voltages at z — 0 gives the transmission coefficient, T, as 

Zi — Zo 2Zi 

r = i + r = i + — - = — . (2.51) 

Z\ + Zq Z\ + Zo 

The transmission coefficient between two points in a circuit is often expressed in dB as the 
insertion loss, IL, 

IL= -201og|r|dB. (2.52) 



POINT OF INTEREST: Decibels and Nepers 

Often the ratio of two power levels P\ and Pj in a microwave system is expressed in decibels 
(dB) as 

10 log — dB. 

Pi 

Thus, a power ratio of 2 is equivalent to 3 dB, while a power ratio of 0.1 is equivalent to — 10 dB. 
Using power ratios in dB makes it easy to calculate power loss or gain through a series of 
components since multiplicative loss or gain factors can be accounted for by adding the loss or 
gain in dB for each stage. For example, a signal passing through a 6 dB attenuator followed by 
a 23 dB amplifier will have an overall gain of 23 — 6 = 17 dB. 
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Decibels are used only to represent power ratios, but if Pi = V 2 / R\ and P 2 — V2 / R 2 , 
then the resulting power ratio in terms of voltage ratios is 

V 2 R 2 Vi [r~2~ 

10 log -L— = 20 log -± / -± dB, 
V^R l V 2 ]j Ri 

where R± , R 2 are the load resistances and V\ , V 2 are the voltages appearing across these loads. 
If the load resistances are equal, then this formula simplifies to 

V\ 

20 log — dB. 

V 2 

The ratio of voltages across equal load resistances can also be expressed in terms of nepers 
(Np) as 

In -Up. 

V2 

The corresponding expression in terms of powers is 

1 P, 

- In — Np, 

2 P 2 

since voltage is proportional to the square root of power. Transmission line attenuation is some- 
times expressed in nepers. Since 1 Np corresponds to a power ratio of e 2 , the conversion between 
nepers and decibels is 

1 Np = 10 log e 2 = 8.686 dB. 

Absolute power can also be expressed in decibel notation if a reference power level is 
assumed. If we let P 2 = 1 mW, then the power P\ can be expressed in dBm as 

Pi 

10 log — dBm 

5 1 mW 

Thus a power of 1 mW is equivalent to 0 dBm, while a power of 1 W is equivalent to 30 dBm, 
and so on. 



THE SMITH CHART 

The Smith chart, shown in Figure 2. 10, is a graphical aid that can be very useful for solving 
transmission line problems. Although there are a number of other impedance and reflec- 
tion coefficient charts that can be used for such problems [3], the Smith chart is probably 
the best known and most widely used. It was developed in 1939 by P. Smith at the Bell 
Telephone Laboratories [4]. The reader might feel that, in this day of personal computers 
and computer-aided design (CAD) tools, graphical solutions have no place in modern engi- 
neering. The Smith chart, however, is more than just a graphical technique. Besides being 
an integral part of much of the current CAD software and test equipment for microwave 
design, the Smith chart provides a useful way of visualizing transmission line phenomenon 
without the need for detailed numerical calculations. A microwave engineer can develop 
a good intuition about transmission line and impedance-matching problems by learning to 
think in terms of the Smith chart. 

At first glance the Smith chart may seem intimidating, but the key to its understanding 
is to realize that it is based on a polar plot of the voltage reflection coefficient, Y. Let the 
reflection coefficient be expressed in magnitude and phase (polar) form as T — \T\e^ . 
Then the magnitude |T| is plotted as a radius (|T| < 1) from the center of the chart, and 
the angled (—180° < 6 < 180°) is measured counterclockwise from the right-hand side of 
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FIGURE 2.10 The Smith chart. 



the horizontal diameter. Any passively realizable (|T| < 1) reflection coefficient can then 
be plotted as a unique point on the Smith chart. 

The real utility of the Smith chart, however, lies in the fact that it can be used to 
convert from reflection coefficients to normalized impedances (or admittances) and vice 
versa by using the impedance (or admittance) circles printed on the chart. When dealing 
with impedances on a Smith chart, normalized quantities are generally used, which we 
will denote by lowercase letters. The normalization constant is usually the characteristic 
impedance of the transmission line. Thus, z — Z/Zq represents the normalized version of 
the impedance Z. 

If a lossless line of characteristic impedance Zq is terminated with a load impedance 
Z^, the reflection coefficient at the load can be written from (2.35) as 

T = = |lV e , (2.53) 

ZL + 1 

where zl — Zl/Zq is the normalized load impedance. This relation can be solved for zl 
in terms of F to give [or, from (2.43) with I — 0] 

i + irV 0 

* = Y^rW- (2 ' 54) 
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This complex equation can be reduced to two real equations by writing F and zl in terms 
of their real and imaginary parts, F — F r + jT, , and zl — fh + Jxl, giving 

(l + r^ + jTj 

r L + JXL 



(l-ro-jTj 



The real and imaginary parts of this equation can be separated by multiplying the numerator 
and denominator by the complex conjugate of the denominator to give 



i - r? - r? 



r L = 4, (2.55a) 

(i - r r ) 2 + Ff 

xl = -j. (2.55b) 

(1 - r r ) 2 + Ff 



Rearranging (2.55) gives 



(2.56a) 



1 ^ 2 



(F r - i) 2 + ^r, - — ) — 

which are seen to represent two families of circles in the F r , T, plane. Resistance circles 
are defined by (2.56a) and reactance circles are defined by (2.56b). For example, the yl — 1 
circle has its center at F r — 0.5, T, = 0, and has a radius of 0.5, and so it passes through 
the center of the Smith chart. All of the resistance circles of (2.56a) have centers on the 
horizontal T, = 0 axis and pass through the F — 1 point on the right-hand side of the chart. 
The centers of all of the reactance circles of (2.56b) lie on the vertical F r — 1 line (off the 
chart), and these circles also pass through the F — 1 point. The resistance and reactance 
circles are orthogonal. 

The Smith chart can also be used to graphically solve the transmission line impedance 
equation of (2.44) since this can be written in terms of the generalized reflection coefficient 
as 

1 + Fe-^ 1 

Zin = Z ° l_ re -2j/M ' (2 ' 57) 

where F is the reflection coefficient at the load and I is the (positive) length of transmission 
line. We then see that (2.57) is of the same form as (2.54), differing only by the phase angles 
of the F terms. Thus, if we have plotted the reflection coefficient |r|e^ at the load, the 
normalized input impedance seen looking into a length I of transmission line terminated 
with zl can be found by rotating the point clockwise by an amount 2fil (subtracting 2ftl 
from 6) around the center of the chart. The radius stays the same since the magnitude of F 
does not change with position along the line (assuming a lossless line). 

To facilitate such rotations, the Smith chart has scales around its periphery calibrated 
in electrical wavelengths, toward and away from the "generator" (which simply means the 
direction away from the load). These scales are relative, so only the difference in wave- 
lengths between two points on the Smith chart is meaningful. The scales cover a range of 
0 to 0.5 wavelength, which reflects the fact that the Smith chart automatically includes the 
periodicity of transmission line phenomenon. Thus, a line of length X/2 (or any multiple) 
requires a rotation of 2/31 = 2tt around the center of the chart, bringing the point back to 
its original position, showing that the input impedance of a load seen through a X/2 line is 
unchanged. 
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We will now illustrate the use of the Smith chart for a variety of typical transmission 
line problems through examples. 



EXAMPLE 2.2 BASIC SMITH CHART OPERATIONS 

A load impedance of 40 + j70 £2 terminates a 100 £2 transmission line that is 
0.3A. long. Find the reflection coefficient at the load, the reflection coefficient at 
the input to the line, the input impedance, the standing wave ratio on the line, and 
the return loss. 

Solution 

The normalized load impedance is 

zl = ^ = 0.4 + jO.7, 



which can be plotted on the Smith chart as shown in Figure 2.11. By using a 
drawing compass and the voltage coefficient scale printed below the chart, one can 
read off the reflection coefficient magnitude at the load as |T| = 0.59. This same 
compass setting can then be applied to the standing wave ratio (SWR) scale to 
read SWR = 3.87 and to the return loss (RL) (in dB) scale to read RL = 4.6 dB. 




FIGURE 2.11 Smith chart for Example 2.2. 
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Now draw a radial line through the load impedance point and read the angle of 
the reflection coefficient at the load from the outer scale of the chart as 104°. 

Now draw an SWR circle through the load impedance point. Reading the 
reference position of the load on the wavelengths-toward-generator (WTG) scale 
gives a value of 0.106A. Moving down the line 0.3A toward the generator brings 
us to 0.406A on the WTG scale. Drawing a radial line at this position gives the 
normalized input impedance at the intersection with SWR circle of z; n = 0.365 — 
y 0.61 1. Then the input impedance of the line is 

Z in = Z 0 z in = 36.5 - 76I.I £1. 

The reflection coefficient at the input still has a magnitude of |T| =0.59; the 
phase is read from the radial line at the phase scale as 248°. ■ 

The Combined Impedance-Admittance Smith Chart 

The Smith chart can be used for normalized admittance in the same way that it is used for 
normalized impedances, and it can be used to convert between impedance and admittance. 
The latter technique is based on the fact that, in normalized form, the input impedance of 
a load zl connected to a A/4 line is, from (2.44), 

Zin — l/ZL, 

which has the effect of converting a normalized impedance to a normalized admittance. 

Since a complete revolution around the Smith chart corresponds to a line length of 
A/2, a A/4 transformation is equivalent to a 180° rotation; this is also equivalent to imag- 
ing a given impedance (or admittance) point across the center of the chart to obtain the 
corresponding admittance (or impedance) point. 

Thus, a Smith chart can be used for both impedance and admittance calculations dur- 
ing the solution of a given problem. At different stages of the solution, then, the chart may 
be either an impedance Smith chart or an admittance Smith chart. This procedure can be 
made less confusing by using a Smith chart that has a superposition of the scales for a 
regular Smith chart and the scales of a Smith chart that has been rotated by 180°, as shown 
in Figure 2. 12. Such a chart is referred to as an impedance and admittance Smith chart and 
usually has different-colored scales for impedance and admittance. 

EXAMPLE 2.3 SMITH CHART OPERATIONS USING ADMITTANCES 

A load of Zl — 100 + y'50 £2 terminates a 50 ST2 line. What are the load admit- 
tance and input admittance if the line is 0.15A long? 

Solution 

The normalized load impedance is zl — 2 + j 1 . A standard Smith chart can be 
used for this problem by initially considering it as an impedance chart and plotting 
zl and the SWR circle. Conversion to admittance can be accomplished with a 
A /4 rotation of zl (easily obtained by drawing a straight line through zl and the 
center of the chart to intersect the other side of the SWR circle). The chart can 
now be considered as an admittance chart, and the input admittance can be found 
by rotating 0.15A from y^. 

Alternatively, we can use the combined zy chart of Figure 2. 12, where conver- 
sion between impedance and admittance is accomplished merely by reading the 
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FIGURE 2.12 ZY Smith chart with solution for Example 2.3. 



appropriate scales. Plotting zl on the impedance scales and reading the 
admittance scales at this same point gives yi — 0.40 — j0.20. The actual load 
admittance is then 

Y L = y L Y Q = y —= 0.0080 - j0.0040 S. 
Zq 

Then, on the WTG scale, the load admittance is seen to have a reference position 
of 0.2141. Moving 0.151 past this point brings us to 0.364A. A radial line at 
this point on the WTG scale intersects the SWR circle at an admittance of y = 
0.61 + j0.66. The actual input admittance is then Y = 0.0122 + j0.0132 S. ■ 

The Slotted Line 

A slotted line is a transmission line configuration (usually a waveguide or coaxial line) that 
allows the sampling of the electric field amplitude of a standing wave on a terminated line. 
With this device the SWR and the distance of the first voltage minimum from the load can 
be measured, and from these data the load impedance can be determined. Note that be- 
cause the load impedance is, in general, a complex number (with two degrees of freedom), 
two distinct quantities must be measured with the slotted line to uniquely determine this 
impedance. A typical waveguide slotted line is shown in Figure 2.13. 
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FIGURE 2.13 An X-band waveguide slotted line. 



Although slotted lines used to be the principal way of measuring an unknown impedance 
at microwave frequencies, they have largely been superseded by the modern vector network 
analyzer in terms of accuracy, versatility, and convenience. The slotted line is still of some 
use, however, in certain applications such as high millimeter wave frequencies or where 
it is desired to avoid connector mismatches by connecting the unknown load directly to 
the slotted line, thus avoiding the use of imperfect transitions. Another reason for studying 
the slotted line is that it provides an unexcelled tool for learning the basic concepts of 
standing waves and mismatched transmission lines. We will derive expressions for finding 
the unknown load impedance from slotted line measurements and also show how the Smith 
chart can be used for the same purpose. 

Assume that, for a certain terminated line, we have measured the SWR on the line 
and £ m \ n , the distance from the load to the first voltage minimum on the line. The load 
impedance Zi can then be determined as follows. From (2.41) the magnitude of the reflec- 
tion coefficient on the line is found from the standing wave ratio as 



I r i = 



SWR - 1 
SWR + 1 



(2.58) 



From Section 2.3, we know that a voltage minimum occurs when e^ e — —1, where 
6 is the phase angle of the reflection coefficient, V — |r|e' e . The phase of the reflection 
coefficient is then 



6 = 7t+2/3£ min , 



(2.59) 



where £ m { n is the distance from the load to the first voltage minimum. Actually, since the 
voltage minima repeat every X /2, where X is the wavelength on the line, any multiple of 
X/2 can be added to £ m i n without changing the result in (2.59) because this just amounts 
to adding 2finX/2 — 2nn to 6, which will not change V. Thus, the two quantities SWR 
and £ m { n can be used to find the complex reflection coefficient V at the load. It is then 
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straightforward to use (2.43) with t — 0 to find the load impedance from Y: 

i + r 



1 



(2.60) 




The use of the Smith chart in solving this problem is best illustrated by an example. 



EXAMPLE 2.4 IMPEDANCE MEASUREMENT WITH A SLOTTED LINE 

The following two-step procedure has been carried out with a 50 £2 coaxial slotted 
line to determine an unknown load impedance: 

1. A short circuit is placed at the load plane, resulting in a standing wave on 
the line with infinite SWR and sharply defined voltage minima, as shown in 
Figure 2. 14a. On the arbitrarily positioned scale on the slotted line, voltage 
minima are recorded at 

z = 0.2 cm, 2.2 cm, 4.2 cm. 

2. The short circuit is removed and replaced with the unknown load. The standing 
wave ratio is measured as SWR = 1.5, and voltage minima, which are not as 
sharply defined as those in step 1, are recorded at 

Z - 0.72 cm, 2.72 cm, 4.72 cm, 

as shown in Figure 2.14b. Find the load impedance. 

Solution 

Knowing that voltage minima repeat every X /2, we have from the data of step 1 
that X = 4.0 cm. In addition, because the reflection coefficient and input impedance 
also repeat every X /2, we can consider the load terminals to be effectively located 
at any of the voltage minima locations listed in step 1. Thus, if we say the load 
is at 4.2 cm, then the data from step 2 show that the next voltage minimum away 
from the load occurs at 2.72 cm, giving £ m i n — 4.2 — 2.72 = 1.48 cm = 0.37 X. 



0 1 



1 1 " " 1 1 



(a) 



1 1 " " 1 1 



(b) 



Short 
circuit 



I VI 



Unknown 
load 



FIGURE 2.14 



Voltage standing wave patterns for Example 2.4. (a) Standing wave for short-circuit 
load, (b) Standing wave for unknown load. 
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Applying (2.58)-(2.60) to these data gives 

1.5 - 1 

|r| =L5TT = 0 - 2 ' 

4-7T 

6 = jt + — (1.48) = 86.4°, 
4.0 

so 

T = 0.2e jS6A ° = 0.0126 + ;0.1996. 
The load impedance is then 

Zl = 50 (r~r~) = 47 - 3 + ;' 19 - 7 ^- 

For the Smith chart version of the solution, we begin by drawing the SWR 
circle for SWR = 1.5, as shown in Figure 2.15; the unknown normalized load 
impedance must lie on this circle. The reference that we have is that the load 
is 0.37A away from the first voltage minimum. On the Smith chart the position 
of a voltage minimum corresponds to the minimum impedance point (minimum 
voltage, maximum current), which is the horizontal axis (zero reactance) to the 




FIGURE 2.15 Smith chart for Example 2.4. 
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left of the origin. Thus, we begin at the voltage minimum point and move 0.37A 
toward the load (counterclockwise), to the normalized load impedance point, 
zi — 0.95 + y'0.4, as shown in Figure 2.15. The actual load impedance is then 
Zl — 47.5 + j'20 £2, in close agreement with the above result using equations. 

Note that, in principle, voltage maxima locations could be used as well as 
voltage minima positions, but voltage minima are more sharply defined than volt- 
age maxima and so usually result in greater accuracy. ■ 



THE QUARTER-WAVE TRANSFORMER 

The quarter-wave transformer is a useful and practical circuit for impedance matching and 
also provides a simple transmission line circuit that further illustrates the properties of 
standing waves on a mismatched line. Although we will study the design and performance 
of quarter-wave matching transformers more extensively in Chapter 5, the main purpose 
here is the application of the previously developed transmission line theory to a basic trans- 
mission line circuit. We will first approach the problem from the impedance viewpoint and 
then show how this result can also be interpreted in terms of an infinite set of multiple 
reflections on the matching section. 



The Impedance Viewpoint 

Figure 2.16 shows a circuit employing a quarter-wave transformer. The load resistance Ri 
and the feedline characteristic impedance Zq are both real and assumed to be known. These 
two components are connected with a lossless piece of transmission line of (unknown) 
characteristic impedance Z\ and length X/4-. It is desired to match the load to the Zq line 
by using the X/4 section of line and so make T = 0 looking into the A/4 matching section. 
From (2.44) the input impedance Z; n can be found as 

R L + jZylwRl 

Z in = Z l — J — — . (2.61) 

Zi + jR L tanP£ 

To evaluate this for fil — (2n /X)(\/A) — 7t/2, we can divide the numerator and denomi- 
nator by tan fJl and take the limit as fil — > tt/2 to get 

A 

Z in =-±. (2.62) 

In order for V — 0, we must have Z; n = Zq, which yields the characteristic impedance Z\ 

as 



Zj = JZqR l , (2.63) 




FIGURE 2.16 The quarter-wave matching transformer. 
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which is the geometric mean of the load and source impedances. Then there will be no 
standing waves on the feedline (SWR = 1), although there will be standing waves on the 
X/4 matching section. In addition, the above condition applies only when the length of the 
matching section is X/4 or an odd multiple of X/4, long, so that a perfect match may be 
achieved at one frequency, but impedance mismatch will occur at other frequencies. 

EXAMPLE 2.5 FREQUENCY RESPONSE OF A QUARTER- WAVE 
TRANSFORMER 

Consider a load resistance Rl — 100 Q. to be matched to a 50 Q. line with a 
quarter-wave transformer. Find the characteristic impedance of the matching sec- 
tion and plot the magnitude of the reflection coefficient versus normalized fre- 
quency, f/f 0 , where f 0 is the frequency at which the line is X/4 long. 

Solution 

From (2.63), the necessary characteristic impedance is 
Zi = V(50)(100) = 70.71 Q. 




The reflection coefficient magnitude is given as 



I r i = 



Zin — Zq 



'-0 



where the input impedance Z; n is a function of frequency as given by (2.44). The 
frequency dependence in (2.44) comes from the fit term, which can be written in 
terms of // f a as 



where it is seen that fil — jt/2 for / = f a , as expected. For higher frequen- 
cies the matching section looks electrically longer, and for lower frequencies it 
looks shorter. The magnitude of the reflection coefficient is plotted versus f/f 0 in 
Figure 2.17. ■ 




FIGURE 2.17 Reflection coefficient versus normalized frequency for the quarter-wave trans- 
former of Example 2.5. 
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This method of impedance matching is limited to real load impedances, although a 
complex load impedance can easily be made real, at a single frequency, by transformation 
through an appropriate length of line. 

The above analysis shows how useful the impedance concept can be when solving 
transmission line problems, and this method is probably the preferred method in practice. 
It may aid our understanding of the quarter-wave transformer (and other transmission line 
circuits), however, if we now look at it from the viewpoint of multiple reflections. 



The Multiple-Reflectio Viewpoint 

Figure 2.18 shows the quarter-wave transformer circuit with reflection and transmission 
coefficients defined as follows: 

r = overall, or total, reflection coefficient of a wave incident on the X/4 transformer 

(same as V in Example 2.5). 
Ti = partial reflection coefficient of a wave incident on a load Z\, from the Z 0 line. 
T2 — partial reflection coefficient of a wave incident on a load Zo, from the Z\ line. 
T3 = partial reflection coefficient of a wave incident on a load Rl, from the Z\ line. 
7j = partial transmission coefficient of a wave from the Zq line into the Z\ line. 
T2 — partial transmission coefficient of a wave from the Z\ line into the Zq line. 

These coefficients can be expressed as 



r 2 = 



r 3 = 



Z\ — Zo 
Zi + Zo ' 

Zo — Z\ 

Z 0 + Z l 
Rl-Zi 
Rl + Zi 



-r, 



(2.64a) 
(2.64b) 
(2.64c) 



r, r, 



1 










r 2 




r 2 



-A/4- 



FIGURE 2.18 Multiple reflection analysis of the quarter-wave transformer. 
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T\ = „ 2Z ' , (2.64d) 
Zi +Z 0 

2Z 0 

r 2 = — V- ( 2 - 64e ) 

Zi + Zo 

Now think of the quarter- wave transformer of Figure 2. 1 8 in the time domain, and imagine 
a wave traveling down the Zo feedline toward the transformer. When the wave first hits 
the junction with the Z\ line, it sees only an impedance Z\ since it has not yet traveled to 
the load Rl and cannot see that effect. Part of the wave is reflected with a coefficient Ti, 
and part is transmitted onto the Z\ line with a coefficient 7\. The transmitted wave then 
travels XI A to the load, is reflected with a coefficient T 3 , and travels another XI A back to 
the junction with the Zq line. Part of this wave is transmitted through (to the left) to the 
Zo line, with coefficient r 2 , and part is reflected back toward the load with coefficient T 2 . 
Clearly, this process continues with an infinite number of bouncing waves, and the total 
reflection coefficient, F, is the sum of all of these partial reflections. Since each round 
trip path up and down the XI A transformer section results in a 180° phase shift, the total 
reflection coefficient can be expressed as 

r = n - 7i r 2 r 3 + t { r 2 r 2 r 2 - t { r 2 rfr| + • • • 
= r 1 -7- 1 72r3^(-r 2 r 3 )' 1 . (2.65) 

n=0 

Since | r*3 1 < 1 and |T 2 | < 1, the infinite series in (2.65) can be summed using the 
geometric series result that 



to give 



x" — , for \x\ < 1, 

l-x 



r = Tj LAJ_ - Z (2.66) 

l + r 2 r 3 l + r 2 r 3 



The numerator of this expression can be simplified using (2.64) to give 

■(Zi-Zo) 2 , 4ZjZ 0 



ri-r 3 (r? + rir 2 ) = ri-r 3 



(Zi + Zo) 2 + (Zi + Zo) 2 . 
(Zi - Z 0 )(R L + Z\) - (R L - Z X ){Z X + Z 0 ) 



n - r 3 = 

(Zi + Z 0 )(R L + Zi) 

2(Z 2 - Z 0 R L ) 



(Zi+Z 0 )(/?L + Zi)' 



which is seen to vanish if we choose Z\ — */ZqR~[, as in (2.63). Then T of (2.66) is zero, 
and the line is matched. This analysis shows that the matching property of the quarter-wave 
transformer comes about by properly selecting the characteristic impedance and length of 
the matching section so that the superposition of all of the partial reflections adds to zero. 
Under steady-state conditions, an infinite sum of waves traveling in the same direction with 
the same phase velocity can be combined into a single traveling wave. Thus, the infinite 
set of waves traveling in the forward and reverse directions on the matching section can be 
reduced to two waves traveling in opposite directions. See Problem 2.25. 
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2.6 



GENERATOR AND LOAD MISMATCHES 

In Section 2.3 we treated the terminated (mismatched) transmission line assuming that 
the generator was matched, so that no reflections occurred at the generator. In general, 
however, both generator and load may present mismatched impedances to the transmission 
line. We will study this case and also see that the condition for maximum power transfer 
from the generator to the load may, in some situations, involve a standing wave on the line. 

Figure 2.19 shows a transmission line circuit with arbitrary generator and load 
impedances Z g and Zi, which may be complex. The transmission line is assumed to be 
lossless, with a length I and characteristic impedance Zo. This circuit is general enough to 
model most passive and active networks that occur in practice. 

Because both the generator and load are mismatched, multiple reflections can occur on 
the line, as in the problem of the quarter-wave transformer. The present circuit could thus 
be analyzed using an infinite series to represent the multiple bounces, as in Section 2.5, 
but we will use the easier and more useful method of impedance transformation. The input 
impedance looking into the terminated transmission line from the generator end is, from 
(2.43) and (2.44), 



' l - rte-w* 

where f> is the reflection coefficient of the load 



Zi - Zo 

1 1 = . 

Zi + Zo 

The voltage on the line can be written as 

V(z) = V+(e-# z + r t eM z ), 
and we can find Vj~ from the voltage at the generator end of the line, where z 

Zin 



(2.67) 



(2.68) 



(2.69) 



-I: 



V(-l) = V g 



Zin ~\~ Zg 



V+(eM + r ie -M), 



so that 



l 



Z in + Zg ( e M + T t e-W) ' 

This can be rewritten, using (2.67), as 

+ _ Z 0 e-jP* 
V ° ~ Vg Z Q + Zg (l-T.Yge-^my 



(2.70) 



(2.71) 




r, 



FIGURE 2.19 Transmission line circuit for mismatched load and generator. 
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where F g is the reflection coefficient seen looking into the generator: 

Zg — Zo 
Z g + Zo 



Z„ — Zo 

r„ = -. (2.72) 



The standing wave ratio on the line is then 
The power delivered to the load is 



1 + |Td 

SWR=- P|. (2.73) 



P = ^Re{V in /*} = I|y in | 2 Re{^] = l -\v g \ 2 



Zin "I" Z 



Now let Z^ = ^in + J 'Xi n and Zg — R g + jX g ; then (2.74) can be reduced to 

P = -\VJ 2 ^ z-. (2.75) 

We now assume that the generator impedance, Zg, is fixed, and consider three cases of 
load impedance. 

Load Matched to Line 

In this case we have Z/ = Zo, so Fg = 0, and SWR = 1, from (2.68) and (2.73). Then the 
input impedance is Z m — Zq, and the power delivered to the load is, from (2.75), 

r (z 0 + Ro) 2 + xi ' 



P = ^Wg\ 2 - , , ^ - (2.76) 



Generator Matched to Loaded Line 

In this case the load impedance Zi and/or the transmission line parameters fit, Zo are 
chosen to make the input impedance Z m — Zg, so that the generator is matched to the load 
presented by the terminated transmission line. Then the overall reflection coefficient, T, is 
zero: 

r = — = 0. (2.77) 

Zin + Zg 

There may, however, be a standing wave on the line since Fg may not be zero. The power 
delivered to the load is 

Observe that even though the loaded line is matched to the generator, the power deliv- 
ered to the load may be less than that of (2.76), where the loaded line was not necessarily 
matched to the generator. Thus, we are led to the question of what is the optimum load 
impedance, or equivalently, what is the optimum input impedance, to achieve maximum 
power transfer to the load for a given generator impedance. 

Conjugate Matching 

Assuming that the generator series impedance Z„ is fixed, we may vary the input impedance 
Zin until we achieve the maximum power delivered to the load. Knowing Z m , it is then 
easy to find the corresponding load impedance Zg via an impedance transformation along 
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the line. To maximize P, we differentiate with respect to the real and imaginary parts of 
Z; n . Using (2.75) gives 

dP _ 1 -2R in (R in + R g ) _ 

dRm~ (Rm + Re) 2 + (X- m + Xg) 2 + [(R in + Rg) 2 + (X in + X,) 2 ] 2 ~ ' 



or 



and 



or 



R] - Rf n + (X^ + X g ) 2 = 0, (2.79a) 



dP . -2R m (X m + X g ) 



dX in [(R in + R^ 2 + (X m + Xg) 2 ] 2 



X in (X in +X g ) = 0. (2.79b) 
Solving (2.79a) and (2.79b) simultaneously for and X[ n gives 

^in = Rg> X[ n — —Xg, 

or 

Z in = Z*. (2.80) 

This condition is known as conjugate matching, and it results in maximum power transfer 
to the load for a fixed generator impedance. The power delivered is, from (2.75) and (2.80), 

r = \\v g \% (2.8D 

which is seen to be greater than or equal to the powers of (2.76) or (2.78). This is also the 
maximum available power from the generator. Note that the reflection coefficients Yg, T g , 
and T may be nonzero. Physically, this means that in some cases the power in the multiple 
reflections on a mismatched line may add in phase to deliver more power to the load than 
would be delivered if the line were fiat (no reflections). If the generator impedance is real 
(Xg = 0), then the last two cases reduce to the same result, which is that maximum power 
is delivered to the load when the loaded line is matched to the generator (Ri n — R^, with 

X in =X g = 0). 

Finally, note that neither matching for zero reflection (Zi — Zq) nor conjugate match- 
ing (Z; n = Zp necessarily yields a system with the best efficiency. For example, if Z g — 
Zi — Zq then both load and generator are matched (no reflections), but only half the power 
produced by the generator is delivered to the load (the other half is lost in Z g ), for a trans- 
mission efficiency of 50%. This efficiency can only be improved by making Zg as small as 
possible. 




LOSSY TRANSMISSION LINES 



In practice, transmission lines have losses due to finite conductivity and/or lossy dielectric, 
but these losses are usually small. In many practical problems loss may be neglected, but at 
other times the effect of loss may be very important, as when dealing with the attenuation 
of a transmission line, noise introduced by a lossy line, or the Q of a resonator, for example. 
In this section we will study the effects of loss on transmission line behavior and show how 
the attenuation constant can be calculated. 
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The Low-Loss Line 

In most practical microwave and RF transmission lines the loss is small — if this were not 
the case, the line would be of little practical value. When the loss is small, some approxima- 
tions can be made to simplify the expressions for the general transmission line parameters 
of y — a + jfi and Zq. 

The general expression for the complex propagation constant is, from (2.5), 

Y = + jmL){G + jaC), (2.82) 



which can be rearranged as 




(2.83) 



For a low-loss line both conductor and dielectric loss will be small, and we can assume 
that R <C coL and G <C coC. Then, RG « co 2 LC, and (2.83) reduces to 

^>VZC^1-;(A + ^. (2 . 84) 

If we were to ignore the (R/a>L + G/coC) term we would obtain the result that y was 
purely imaginary (no loss), so we will instead use the first two terms of the Taylor series 
expansion for Vl + x — 1 + x/2 -\ to give the first higher order real term for y: 



so that 




(2.85a) 
(2.85b) 



where Zq — JL/C is the characteristic impedance of the line in the absence of loss. 
Note from (2.85b) that the propagation constant fi is identical to that of the lossless case 
of (2.12). By the same order of approximation, the characteristic impedance Zq can be 
approximated as a real quantity: 

I R + jcoL [L 

Z 0 = J—^ -J-. (2.86) 

y G + jmC V C y ' 

Equations (2.85)-(2.86) are known as the high-frequency, low-loss approximations for 
transmission lines, and they are important because they show that the propagation constant 
and characteristic impedance for a low-loss line can be closely approximated by consider- 
ing the line as lossless. 
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EXAMPLE 2.6 ATTENUATION CONSTANT OF THE COAXIAL LINE 

In Example 2.1 the L, C, R, and G parameters were derived for a lossy coaxial 
line. Assuming the loss is small, derive the attenuation constant from (2.85a) with 
the results from Example 2.1. 

Solution 
From (2.85a), 




Using the results for R and G derived in Example 2.1 gives 
1 



a = - 
2 



— (- + -) 
i Inb/a \a b ) 



1 '" 



where r\ — ^/fi/e' is the intrinsic impedance of the dielectric material filling the 
coaxial line. In addition, fi — co^LC — co^/fie' and Zq = s/L/C = (r)/2n) 
Inb/a. ■ 

This method for the calculation of attenuation requires that the line parameters L, C, R, 
and G be known. These can sometimes be derived using the formulas of (2.17)— (2.20), but a 
more direct and versatile procedure is to use the perturbation method, to be discussed shortly. 

The Distortionless Line 

As can be seen from the exact equations (2.82)-(2.83) for the propagation constant of a 
lossy line, the phase term fi is generally a complicated function of frequency a> when loss is 
present. In particular, we note that (5 is generally not exactly a linear function of frequency, 
as in (2.85b), unless the line is lossless. If fi is not a linear function of frequency (of the 
form fi — am), then the phase velocity v p — co/f3 will vary with frequency. The implication 
of this is that the various frequency components of a wideband signal will travel with 
different phase velocities and so arrive at the receiver end of the transmission line at slightly 
different times. This will lead to dispersion, a distortion of the signal, and is generally an 
undesirable effect. Granted, as we have argued, the departure of fi from a linear function 
may be quite small, but the effect can be significant if the line is very long. This effect 
leads to the concept of group velocity, which we will address in detail in Section 3.10. 

There is a special case, however, of a lossy line that has a linear phase factor as a 
function of frequency. Such a line is called a distortionless line, and it is characterized by 
line parameters that satisfy the relation 

R G 

I = c- (2 ' 87) 

From (2.83) the exact complex propagation constant, under the condition specified by 
(2.87), reduces to 




(2.88) 
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FIGURE 2.20 A lossy transmission line terminated in the impedance Z^. 



which shows that /S = cd^JLC is now a linear function of frequency. Equation (2.88) also 
shows that the attenuation constant, a — R^/C/L, does not depend on frequency, so that 
all frequency components of a signal will be attenuated by the same amount (actually, 
R is usually a weak function of frequency). Thus, the distortionless line is not loss free 
but is capable of passing a pulse or modulation envelope without distortion. To obtain a 
transmission line with parameters that satisfy (2.87) often requires that L be increased by 
adding series loading coils spaced periodically along the line. 

The above theory for the distortionless line was first developed by Oliver Heavi- 
side (1850-1925), who solved many problems in transmission line theory and reworked 
Maxwell's original theory of electromagnetism into the modern version that we are famil- 
iar with today [5]. 



The Terminated Lossy Line 

Figure 2.20 shows a length I of a lossy transmission line terminated in a load impedance 
Zl. Thus, y — a + jfi is complex, but we assume the loss is small, so that Zo is approxi- 
mately real, as in (2.86). 

In (2.36), expressions for the voltage and current wave on a lossless line are given. 
The analogous expressions for the lossy case are 

V(z) = V+(e~ YZ + re yz ), (2.89a) 

/ ( Z ) = YsL U-yz _ Te yz\ t (2 g9b) 

Zq 

where V is the reflection coefficient of the load, as given in (2.35), and V+ is the incident 
voltage amplitude referenced at z — 0. From (2.42) the reflection coefficient at a distance 
I from the load is 

r(£) = re-We' 2 "' = re~ 2yl . (2.90) 
The input impedance Z; n at a distance I from the load is then 

V(-£) Z L + Z 0 tanh K l 
Zia = - Z 0 — -. (2.91) 

/(— I) Zo + Zl tanh yl 

We can compute the power delivered to the input of the terminated line at z — — I as 

P in = l Re { V (-e)I*(-l)} = ^(e 2 ^ - inV 2 ^) 
L ^Zo 

= ^(l-|r(€)lV a/ , (2.92) 

ZZo 
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where (2.89) has been used for V{—1) and /(—€). The power actually delivered to the 
load is 

Pl = ^Re{V(0)/*(0)} = !^J-(1 - |rf). (2.93) 
The difference in these powers corresponds to the power lost in the line: 

floss = Pin -Pl= l -^[(e 2a£ " 1) + |rf(l - e-**% (2.94) 

The first term in (2.94) accounts for the power loss of the incident wave, while the second 
term accounts for the power loss of the reflected wave; note that both terms increase as a 
increases. 

The Perturbation Method for Calculating Attenuation 

Here we derive a useful and standard technique for finding the attenuation constant of a 
low-loss line. The method avoids the use of the transmission line parameters L, C, R, and 
G and instead relies on the fields of the lossless line, with the assumption that the fields of 
the lossy line are not greatly different from the fields of the lossless line — hence the term, 
perturbation method. 

We have seen that the power flow along a lossy transmission line, in the absence of 
reflections, is of the form 

P(z) = P„e~ la \ (2.95) 

where P„ is the power at the z — 0 plane and a is the attenuation constant we wish to 
determine. Now define the power loss per unit length along the line as 

Pi = ~ = 2aP 0 e~ 2az = 2aP(z), 
dz 

where the negative sign on the derivative was introduced so that Pi would be a positive 
quantity. From this, the attenuation constant can be determined as 

Pdz) Pi(z = 0) 



2P(z) 2P 0 



(2.96) 




This equation states that a can be determined from P a , the power on the line, and Pi, the 
power loss per unit length of line. It is important to realize that Pi can be computed from 
the fields of the lossless line and can account for both conductor loss [using (1.131)] and 
dielectric loss [using (1.92)]. 



EXAMPLE 2.7 USING THE PERTURBATION METHOD TO FIND 
THE ATTENUATION CONSTANT 

Use the perturbation method to find the attenuation constant of a coaxial line 
having a lossy dielectric and lossy conductors. 

Solution 

From Example 2.1 and (2.32), the fields of the lossless coaxial line are, for a < 
p < b, 



E = 



p \nb/a 



H = -^^e 
2jtpZq 
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where Zq — (r)/2jt) Inb/a is the characteristic impedance of the coaxial line and 
V 0 is the voltage across the line at z — 0. The first step is to find P„, the power 
flowing on the lossless line: 



^ JS ZZ 0 Jp=a J<j>=0 



pdpdcp = \V 0 \ 2 
2jtp 2 \nb/a 2Zq ' 



as expected from basic circuit theory. 

The loss per unit length, Pi, comes from conductor loss (Pi c ) and dielectric 
loss (Pu)- From (1.131), the conductor loss in a 1 m length of line can be found 

as 

P f P { f 27T 

Plc = ^ \H t \ 2 ds = ^- / / \H A .{p = a)\ 2 ad<S> 
1 Js L Jz=0 ( J<t>=o 

r2n 

+ \H d .(p=b)\ 2 bd<t> 

J0=O 



RsW„\Wl 1 



4ttZ 2 \a ' b 
The dielectric loss in a 1 m length of line is, from (1.92), 

P U = — \E\ 2 ds = — / / / \E p \ 2 pdpd<t>dz= — — \V 0 \ 2 , 
2 Jv 2 J p=a j0 = oiz=o lab /a 

where e" is the imaginary part of the complex permittivity, e — e' — je". Finally, 
applying (2.96) gives 

Pic + Pid Rs / 1 1\ Jtme"Z 0 

—{a + i) 4 



2P 0 4ttZ 0 \a b) \ab/a 



2rjlnb/a \a b / 
where r] — ^//i/e'. This result is seen to agree with that of Example 2.6. 



The Wheeler Incremental Inductance Rule 

Another useful technique for the practical evaluation of attenuation due to conductor loss 
for TEM or quasi-TEM lines is the Wheeler incremental inductance rule [6]. This method 
is based on the similarity of the equations for the inductance per unit length and resistance 
per unit length of a transmission line, as given by (2.17) and (2.19), respectively. In other 
words, the conductor loss of a line is due to current flow inside the conductor, which, as 
was shown in Section 1 .7, is directly related to the tangential magnetic field at the surface 
of the conductor and thus to the inductance of the line. 

From (1.131), the power loss into a cross section S of a good (but not perfect) conduc- 
tor is 

Pi = y J \J s \ 2 ds = yJ s ] " t]2ds w/m2 ' (2 ' 97) 

so the power loss per unit length of a uniform transmission line is 



Pe= *j j c \H t \ 2 dlW/m, 



(2.98) 
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where the line integral of (2.98) is over the cross-sectional contours of both conductors. 
From (2.17), the inductance per unit length of the line is 



wis 1 " 12 "'- 



(2.99) 



which is computed assuming the conductors are lossless. When the conductors have a 
small loss, the H field in the conductor is no longer zero, and this field contributes a small 
additional "incremental" inductance, AL, to that of (2.99). As discussed in Chapter 1, the 
fields inside the conductor decay exponentially, so that the integration into the conductor 
dimension can be evaluated as 

AL= fJ ^%f \H t \ 2 dl, (2.100) 



since | 0 °° e~ 2z ^ s dz = S„/2. (The skin depth is S s = ^/l/co/xa.) Then P e from (2.98) can 
be written in terms of A L as 

RJI\ 2 AL \I\ 2 AL \I\ 2 wAL 
Hods er/x 0 Oj 2 

since R s — *Jco\xol2a = 1/oA. Then from (2.96) the attenuation due to conductor loss 
can be evaluated as 

a < = ik = -izo-' (2 - 102) 

since P 0 , the total power flow down the line, is P„ — \I\ 2 Zq/2. In (2.102), AL is evaluated 
as the change in inductance when all conductor walls recede by an amount S s /2. 

Equation (2. 102) can also be written in terms of the change in characteristic impedance 
since 

Z 0 = J% = = Lv p , (2.103) 

V c Jlc 

so that 

/SAZ 0 
2Z 0 



(2.104) 



where AZo is the change in characteristic impedance when all conductor walls recede by 
an amount 8 s /2. Yet another form of the incremental inductance rule can be obtained by 
using the first two terms of a Taylor series expansion for Zq. Thus, 



(I) 



Zo+!^p (2.105) 



8s \ 8 S dZo 

AZq = Z 0 — - Z 0 



so that 



2 ) 2 dl 

where Zo (8 s /2) refers to the characteristic impedance of the line when the walls recede by 
8 s /2, and I refers to a distance into the conductors. Then (2.104) can be written as 

- ^ dZ ° Rs dZ ° (2.106) 



4Z 0 dl 2Zor\ dl ' 
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where r\ — V/We is the intrinsic impedance of the dielectric and R s is the surface resistiv- 
ity of the conductor. Equation (2.106) is one of the most practical forms of the incremental 
inductance rule because the characteristic impedance is known for a wide variety of trans- 
mission lines. 



EXAMPLE 2.8 USING THE WHEELER INCREMENTAL INDUCTANCE RULE 
TO FIND THE ATTENUATION CONSTANT 

Calculate the attenuation due to conductor loss of a coaxial line using the Wheeler 
incremental inductance rule. 

Solution 

From (2.32) the characteristic impedance of the coaxial line is 

r\ b 
Zo = — In-. 

lit a 

From the incremental inductance rule of the form given in (2. 106), the attenuation 
due to conductor loss is 

R s dZo R s /dlnb/a d\nb/a\ R s ( 1 1 

a c - 



2Zqti dl 4ttZo \ db da J 4ttZo \b a 

which is seen to be in agreement with the result of Example 2.7. The negative 
sign on the second differentiation in this equation is because the derivative for the 
inner conductor is in the — p direction (receding wall). ■ 



Regardless of how attenuation is calculated, measured attenuation values for practical 
transmission lines are usually higher. One reason for this discrepancy is the fact that real- 
istic transmission lines have metallic surfaces with a certain amount of roughness, which 
increases loss, while our theoretical calculations assume perfectly smooth conductors. A 
quasi-empirical formula that can be used to approximately account for surface roughness 
for a transmission line is [7] 



1 + - tan" 
it 



1.4 



A 



(2.107) 



where a c is the attenuation due to perfectly smooth conductors, a' c is the attenuation cor- 
rected for surface roughness, A is the rms surface roughness, and S s is the skin depth of 
the conductors. 



TRANSIENTS ON TRANSMISSION LINES 

So far we have concentrated on the behavior of transmission lines at a single frequency, and 
in many cases of practical interest this viewpoint is entirely satisfactory. In some situations, 
however, where short pulses or very wideband signals are propagating on a transmission 
line, it is useful to consider wave propagation from a transient, or time domain, point of 
view. 
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In this section we will discuss the reflection of transient pulses from terminated trans- 
mission lines, including the special cases of a matched line, a short-circuited line, and an 
open-circuited line. We will conclude with a description of bounce diagrams, which can be 
used to describe multiple reflections of pulses on transmission lines. 



Reflectio of Pulses from a Terminated Transmission Line 

A transient transmission line circuit is shown in Figure 2.21a, where a DC source is 
switched on at t — 0. We first consider the case in which the line has a characteristic 
impedance of Zq, the source impedance is Zq, and the load impedance is Zq. It is 
assumed that the voltage on the line is initially zero: v (z, t ) — 0 for all z, for t < 0. We 
want to determine the voltage response on the transmission line as a function of time and 
position. 

Because of the finite transit time of the line, its input impedance will appear to be equal 
to the characteristic impedance of the line for t < 2i/v p , where v p is the phase velocity of 
the line. In other words, the line looks infinitely long until the pulse has time to reach the 
load and (possibly) reflect back to the input. Therefore, when the switch closes at t — 0, 
the circuit appears as a voltage divider consisting of the source impedance and the input 
impedance, both being Zq. The initial voltage on the line is thus Vq/2, and this voltage 
waveform propagates toward the load with a velocity v p . The leading edge of the pulse 
will be at position z on the line at time t = z/v p , as shown in Figure 2.21b. 

The pulse reaches the load at time t — l/v p . Since the load is matched to the line, there 
is no reflection of the pulse from the load. The circuit is now in a steady-state condition, and 
voltage on the line is constant: v (z, t) — Vq/2 for all t > £/v p , as shown in Figure 2.21c. 
This is, of course, the DC value that we would expect for a voltage divider consisting of 
equal source and input impedances. 

Next consider the transmission line circuit of Figure 2.22a, where the line is now ter- 
minated with a short circuit. Initially, the input impedance of the line again appears as Zq, 
and the initial incident pulse again has an amplitude of Vq/2, as shown in Figure 2.22b. 
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FIGURE 2.21 



(b) 



(c) 



Transient response of a transmission line terminated with a matched load, 
(a) Transmission line circuit with a step function voltage source, (b) Response 
for 0 < t < l/vp. (c) Response for l/v p < t < 2l/v p ; there is no reflection from 
the load. 
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FIGURE 2.22 
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(c) 



Transient response of a transmission line terminated with a short circuit, 
(a) Transmission line circuit with a step function voltage source, (b) Response for 
0 < t < i/vp. (c) Response for i/v p < t < 2i/v p ;the incident pulse is reflected 
withT = -1. 



The short-circuit load has a reflection coefficient of T = — 1, which has the effect of invert- 
ing the reflected pulse as it travels back toward the source. The superposition of the forward 
and reverse traveling pulses leads to cancellation, as shown in Figure 2.22c, for the period 
where l/v p < t < 2t/v p . When the return pulse reaches the source, at t — 2£/v p , it will 
not be re-reflected because the source is matched to the line. The circuit is then in steady 
state, with zero voltage everywhere on the line. Again, this is consistent with DC circuit 
analysis, as the shorted line has zero electrical length at DC and thus appears as a short at 
its input, leading to a terminal voltage of zero. The voltage waveform at a fixed point z on 
the line will consist of a rectangular pulse of amplitude Vo /2 existing only over the time 
period z/v p < t < (21 — z) /v p . This effect can be used in practice to generate pulses of 
very short duration. 

Finally, consider the effect of a transmission line with an open-circuit termination, 
as shown in Figure 2.23a. As in previous cases, the input impedance of the line initially 
appears as Zq, and the initial incident pulse has an amplitude of Vq/2, as shown in 
Figure 2.23b. The open-circuit load has a reflection coefficient of T = 1, which reflects 
the incident waveform with the same polarity toward the source. The amplitudes of the for- 
ward and reverse pulses add to create a wave with an amplitude of Vo, as shown in Figure 
2.23c. At t = 21/ v p the return pulse reaches the source, but it is not re-reflected since the 
source is matched to the line. The circuit is then in steady state, with a constant voltage 
of Vo on the line. By DC analysis, the open-circuited line presents an open circuit at its 
terminals, leading to a terminal voltage equal to the source voltage. 



Bounce Diagrams for Transient Propagation 

The plots in Figures 2.21-2.23 show the voltage of a propagating pulse versus position 
along the transmission line but do not directly show the time variable, nor do they show 
very clearly the contribution of reflections on the waveform (especially when multiple 
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FIGURE 2.23 



(b) 



(c) 



Transient response of a transmission line terminated with an open circuit, 
(a) Transmission line circuit with a step function voltage source, (b) Response for 
0 < t < i/vp. (c) Response for i/v p < t < 2i/v p ; the incident pulse is reflected 
with T = 1. 



reflections are present). An alternative way of viewing the progress of a pulse propagating 
in time and position along a transmission line is with a bounce diagram. 

As an example, Figure 2.24 shows the bounce diagram for the transient circuit of 
Figure 2.23a. The horizontal axis represents position on the line, while the vertical axis 
represents time. The ray representing the incident wave begins at t — z — 0 and travels to 
the right (increasing z) and up (for increasing t). This ray is labeled with the amplitude of 
the incident wave, Vq/2. At t — £/v p the incident wave reaches the open-circuit load and 
is reflected to produce a wave of amplitude Vo/2 traveling back to the source. The ray for 
this reflected wave thus moves to the left and up, until it reaches the source at z — 0 and 
t — 2£/v p , at which point steady state is reached. The total voltage at any position z and 
time / can be easily found by drawing a vertical line through the point z and extending 
up from t — 0 to t. The total voltage is found by adding the voltages of each forward or 
reverse traveling wave component, as represented by the rays that intersect this vertical 
line. 

The next example shows how a bounce diagram can be applied to circuits that have 
multiple reflections. 




FIGURE 2.24 



Bounce diagram for the transient circuit of Figure 2.23a. 



2.8 Transients on Transmission Lines 




EXAMPLE 2.9 BOUNCE DIAGRAM FOR A TRANSIENT CIRCUIT 
WITH MULTIPLE REFLECTIONS 

Draw the bounce diagram for the transient circuit of Figure 2.25, including the 
first three reflections. 

Solution 

The amplitude of the incident wave is given by a voltage divider as 

100 

v + = 12 = 8.0 V 

50 + 100 

The incident ray can be plotted as a line from the origin to the point z — I and 
t = i/Vp. The reflection coefficients at the generator and load are 

50 - 100 200 - 100 

r„ = = -1/3 and r L = = 1/3, 

g 50+ 100 ' 200+ 100 1 

so the amplitude of the wave reflected from the load is 8/3 V. When this wave 
reaches the source, it will be reflected to form a wave of amplitude -8/9 V. The 
next reflection from the load will have an amplitude of -8/27 V. These four waves 
are shown in the bounce diagram of Figure 2.26. ■ 




FIGURE 2.26 



Bounce diagram for Example 2.9. 
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2.1 A 75 Q. coaxial line has a current i (t, z) = 1.8 cos (3.77 x 10 y / - 18.13z) mA. Determine (a) the 
frequency, (b) the phase velocity, (c) the wavelength, (d) the relative permittivity of the line, (e) the 
phasor form of the current, and (f) the time domain voltage on the line. 

2.2 A transmission line has the following per-unit-length parameters: L — 0.5 fiK/m, C — 200 pF/m, 
R = 4.0 Q/m, and G = 0.02 S/m. Calculate the propagation constant and characteristic impedance 
of this line at 800 MHz. If the line is 30 cm long, what is the attenuation in dB? Recalculate these 
quantities in the absence of loss (R — G — 0). 

2.3 RG-402U semirigid coaxial cable has an inner conductor diameter of 0.91 mm and a dielectric diam- 
eter (equal to the inner diameter of the outer conductor) of 3.02 mm. Both conductors are copper, and 
the dielectric material is Teflon. Compute the R, L, G, and C parameters of this line at 1 GHz, and 
use these results to find the characteristic impedance and attenuation of the line at 1 GHz. Compare 
your results to the manufacturer's specifications of 50 Q and 0.43 dB/m, and discuss reasons for the 
difference. 

2.4 Compute and plot the attenuation of the coaxial line of Problem 2.3, in dB/m, over a frequency range 
of 1 MHz to 100 GHz. Use log-log graph paper. 

2.5 For the parallel plate line shown in the accompanying figure, derive the R, L, G, and C parameters. 
Assume W S> d. 



2.6 For the parallel plate line of Problem 2.5, derive the telegrapher equations using the field theory 
approach. 

2.7 Show that the r -model of a transmission line shown in the accompanying figure also yields the 
telegrapher equations derived in Section 2.1. 



PROBLEMS 
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v(z,r) GAz< =t CAz v(z + Az, 0 



-Az- 



2.8 A lossless transmission line of electrical length I — 03X is terminated with a complex load impedance 
as shown in the accompanying figure. Find the reflection coefficient at the load, the SWR on the line, 
the reflection coefficient at the input of the line, and the input impedance to the line. 



■ / = 0.3A 



°1 



Z L = 30 -J20Q 



2.9 A 75 Q coaxial transmission line has a length of 2.0 cm and is terminated with a load impedance 
of 37.5 + j75 £2. If the relative permittivity of the line is 2.56 and the frequency is 3.0 GHz, find 
the input impedance to the line, the reflection coefficient at the load, the reflection coefficient at the 
input, and the SWR on the line. 

2.10 A terminated transmission line with Zrj = 60 Q has a reflection coefficient at the load of F — 0.4Z60 0 . 
(a) What is the load impedance? (b) What is the reflection coefficient 0.3A away from the load? (c) 
What is the input impedance at this point? 

2.11 A 100 Q transmission line has an effective dielectric constant of 1 .65. Find the shortest open-circuited 
length of this line that appears at its input as a capacitor of 5 pF at 2.5 GHz. Repeat for an inductance 
of 5 nH. 

2.12 A lossless transmission line is terminated with a 100 Q load. If the SWR on the line is 1.5, find the 
two possible values for the characteristic impedance of the line. 

2.13 Let Z sc be the input impedance of a length of coaxial line when one end is short-circuited, and let 
Z oc be the input impedance of the line when one end is open-circuited. Derive an expression for the 
characteristic impedance of the cable in terms of Z sc and Z oc . 

2.14 A radio transmitter is connected to an antenna having an impedance 80 + 7 40 Q with a 50 Q coaxial 
cable. If the 50 transmitter can deliver 30 W when connected to a 50 Q, load, how much power is 
delivered to the antenna? 

2.15 Calculate standing wave ratio, reflection coefficient magnitude, and return loss values to complete 
the entries in the following table: 

SWR m RL(dB) 

1.00 0.00 00 

1.01 — — 
— 0.01 — 



1.05 

1.10 
1.20 

1.50 

2.00 
2.50 



30.0 



0.10 



10.0 
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2.16 The transmission line circuit in the accompanying figure has V g — 15 V rms, Z s — 75 £2, Zq = 75 Q, 
Zi = 60 — j40 Q, and t — 0.7A. Compute the power delivered to the load using three different 
techniques: 



(a) Find V and compute 



(b) find Z; n and compute 



(c) find Vl and compute 



PL 



Z e + Zj, 



(1-IIT); 



RejZ;, 



PL 



Zl 



Re{Z L }. 



Discuss the rationale for each of these methods. Which of these methods can be used if the line is 
not lossless? 




2.17 For a purely reactive load impedance of the form Z^ = jX, show that the reflection coefficient 
magnitude |T| is always unity. Assume that the characteristic impedance Zq is real. 

2.18 Consider the transmission line circuit shown in the accompanying figure. Compute the incident 
power, the reflected power, and the power transmitted into the infinite 75 Q line. Show that power 
conservation is satisfied. 



10 V 




50 Q ^ 
WW °- 



■A/2- 



Z 0 = 50 Q. 



Z, = 75 £2 



2.19 A generator is connected to a transmission line as shown in the accompanying figure. Find the voltage 
as a function of z along the transmission line. Plot the magnitude of this voltage for — £ < z < 0. 



10 V 




Z L = 80 -y'40 £2 



2.20 Use the Smith chart to find the following quantities for the transmission line circuit shown in the 
accompanying figure: 

(a) The SWR on the line. 

(b) The reflection coefficient at the load. 

(c) The load admittance. 

(d) The input impedance of the line. 

(e) The distance from the load to the first voltage minimum. 
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(f) The distance from the load to the first voltage maximum. 



I = 0.4A 



Z in => Zo = 50 £2 



; Z L = 60 + ./50 £2 



2.21 Use the Smith chart to find the shortest lengths of a short-circuited 75 Q line to give the following 
input impedance: 



(a) 


Zin 


= 0. 


(b) 


Zin 


= oo. 


(c) 


Zin 


= j!5 Q. 


(d) 


^in 


= -j50 Q, 


(e) 


Zin 


= ;io Q. 



2.22 Repeat Problem 2.21 for an open-circuited length of 75 Q line. 

2.23 A slotted-line experiment is performed with the following results: distance between successive min- 
ima = 2.1 cm; distance of first voltage minimum from load = 0.9 cm; SWR of load = 2.5. If 
Zq — 50 Q, find the load impedance. 

2.24 Design a quarter-wave matching transformer to match a 40 Q load to a 75 Q line. Plot the SWR for 
0.5 < f/fo S 2.0, where f a is the frequency at which the line is A/4 long. 

2.25 Consider the quarter-wave matching transformer circuit shown in the accompanying figure. Derive 
expressions for V + and V~ , the respective amplitudes of the forward and reverse traveling waves on 
the quarter-wave line section, in terms of V 1 , the incident voltage amplitude. 




-I 0 



2.26 Derive equation (2.71) from (2.70). 

2.27 In Example 2.7, the attenuation of a coaxial line due to finite conductivity is 

Rs (I 1\ 

ac 2t)\n.bla\a b)' 

Show that a c is minimized for conductor radii such that x lnx = 1 + x, where x = b/a. Solve this 
equation for x, and show that the corresponding characteristic impedance for e r — 1 is 77 £7. 

2.28 Compute and plot the factor by which attenuation is increased due to surface roughness, for rms 
roughness ranging from 0 to 0.01 mm. Assume copper conductors at 10 GHz. 

2.29 A 50 Q transmission line is matched to a 10 V source and feeds a load = 100 Q. If the line is 
2.3A long and has an attenuation constant a = 0.5 dB/A, find the powers that are delivered by the 
source, lost in the line, and delivered to the load. 

2.30 Consider a nonreciprocal transmission line having different propagation constants, f} + and f5~ , for 
propagation in the forward and reverse directions, with corresponding characteristic impedances 
and Zr . (An example of such a line could be a microstrip transmission line on a magnetized ferrite 
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substrate.) If the line is terminated as shown in the accompanying figure, derive expressions for the 
reflection coefficient and impedance seen at the input of the line. 

J3 + , J8" 



-I 0 

2.31 Plot the bounce diagram for the transient circuit shown in the accompanying figure. Include at least 
three reflections. What is the total voltage at the midpoint of the line (z = 1/2), at time t = 3l/v p l 




Chapter Three 



Transmission Lines and 
Waveguides 



One of the early milestones in microwave engineering was the development of waveguide 
and other transmission lines for the low-loss transmission of power at high frequencies. Al- 
though Heaviside considered the possibility of propagation of electromagnetic waves inside 
a closed hollow tube in 1893, he rejected the idea because he believed that two conductors 
were necessary for the transfer of electromagnetic energy [1]. In 1897, Lord Rayleigh (John 
William Strutt) mathematically proved that wave propagation in waveguides was possible for 
both circular and rectangular cross sections [2]. Rayleigh also noted the infinite set of wave- 
guide modes of the TE and TM type that were possible and the existence of a cutoff frequency, 
but no experimental verification was made at the time. The waveguide was then essentially for- 
gotten until it was rediscovered independently in 1936 by two researchers [3] . After preliminary 
experiments in 1932, George C. Southworth of the AT&T Company in New York presented a 
paper on the waveguide in 1936. At the same meeting, W. L. Barrow of MIT presented a paper 
on the circular waveguide, with experimental confirmation of propagation. 

Early RF and microwave systems relied on waveguides, two-wire lines, and coaxial lines 
for transmission. Waveguides have the advantage of high power-handling capability and low 
loss but are bulky and expensive, especially at low frequencies. Two-wire lines are inexpensive 
but lack shielding. Coaxial lines are shielded but are a difficult medium in which to fabricate 
complex microwave components. Planar transmission lines provide an alternative, in the form 
of stripline, microstrip lines, slotlines, coplanar waveguides, and several other types of related 
geometries. Such transmission lines are compact, low in cost, and capable of being easily inte- 
grated with active circuit devices, such as diodes and transistors, to form microwave integrated 
circuits. The first planar transmission line may have been a flat-strip coaxial line, similar to 
a stripline, used in a production power divider network in World War II [4], but planar lines 
did not see intensive development until the 1950s. Microstrip lines were developed at ITT 
laboratories [5] and were competitors of stripline. The first microstrip lines used a relatively 
thick dielectric substrate, which accentuated the non-TEM mode behavior and frequency dis- 
persion of the line. This characteristic made it less desirable than stripline until the 1960s, 
when much thinner substrates began to be used. This reduced the frequency dependence of 
the line, and now microstrip lines are often the preferred medium for microwave integrated 
circuits. 
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In this chapter we will study the properties of several types of transmission lines and 
waveguides that are in common use. As we know from Chapter 2, a transmission line is char- 
acterized by a propagation constant, an attenuation constant, and a characteristic impedance. 
These quantities will be derived by field theory analysis for the various lines and waveguides 
treated here. 

We begin with a discussion of the different types of wave propagation and modes that can 
exist on general transmission lines and waveguides. Transmission lines that consist of two or 
more conductors may support transverse electromagnetic (TEM) waves, characterized by the 
lack of longitudinal field components. Such lines have a uniquely defined voltage, current, and 
characteristic impedance. Waveguides, often consisting of a single conductor, support trans- 
verse electric (TE) and/or transverse magnetic (TM) waves, characterized by the presence of 
longitudinal magnetic or electric field components. As we will see in Chapter 4, a unique def- 
inition of characteristic impedance is not possible for such waves, although definitions can 
be chosen so that the characteristic impedance concept can be extended to waveguides with 
meaningful results. 



In this section we will find general solutions to Maxwell's equations for the specific cases 
of TEM, TE, and TM wave propagation in cylindrical transmission lines or waveguides. 
The geometry of an arbitrary transmission line or waveguide is shown in Figure 3.1 and 
is characterized by conductor boundaries that are parallel to the z-axis. These structures 
are assumed to be uniform in shape and dimension in the z direction and infinitely long. 
The conductors will initially be assumed to be perfectly conducting, but attenuation can be 
found by the perturbation method discussed in Chapter 2. 

yk yk 



3.1 



GENERAL SOLUTIONS FOR TEM, TE, AND TM WAVES 




X 



(a) 



(b) 



FIGURE 3.1 (a) General two-conductor transmission line and (b) closed waveguide. 
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We assume time-harmonic fields with an e^°" dependence and wave propagation along 
the z-axis. The electric and magnetic fields can then be written as 

E(x, y, z) = y) + ze z (x, y)] e "^ z , (3.1a) 
H(x, y, z) = [h(x, y) + zh z (x, y)]e~ Jpz , (3.1b) 

where e(x, y) and h(x, y) represent the transverse (x, y) electric and magnetic field com- 
ponents, and e z and h z are the longitudinal electric and magnetic field components. In (3.1) 
the wave is propagating in the +z direction; — z propagation can be obtained by replacing 
P with — p. In addition, if conductor or dielectric loss is present, the propagation constant 
will be complex; j/3 should then be replaced with y — a + jp. 

Assuming that the transmission line or waveguide region is source free, we can write 
Maxwell's equations as 

V x E = -jcoixii, (3.2a) 

V x H = jcoeE. (3.2b) 

With an e~^ z z dependence, the three components of each of these vector equations can 
be reduced to the following: 



+ jPE y = -ja>ixH x , (3.3a) 



dE z 



dy 

dE 



-j/3E x - '-^ = -jwixH y , (3.3b) 



3 E y dE x 



dx dy 
dy 



-jcojxH z , (3.3c) 



+ jpH y = jcoeE x , (3.4a) 



-j0H x - ^ = jcoeEy, (3.4b) 



dx 

dHy 3H X 
dx dy 



jcoeE z . (3.4c) 



These six equations can be solved for the four transverse field components in terms of E z 
and H z [e.g., H x can be derived by eliminating E y from (3.3a) and (3.4b)] as follows: 

;' / dE z dH z \ 
'coe— --P— - , (3.5a) 



k^. \ dy dx 
-j ( dE z dH z \ 

-;' / dE z dH z \ 
E^^p^+^y (3.5c) 



.dE z , dH z 



where 



k 2 c =k 2 -p 2 



(3.6) 
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is defined as the cutoff wave number, the reason for this terminology will become clear 
later. As in previous chapters, 

k — (Dyfjle — 2it/X (3.7) 

is the wave number of the material filling the transmission line or waveguide region. If 
dielectric loss is present, e can be made complex by using e — e 0 e r (l — j tan S), where 
tan 8 is the loss tangent of the material. 

Equations (3.5a)-(3.5d) are general results that can be applied to a variety of wave- 
guiding systems. We will now specialize these results to specific wave types. 



TEM Waves 

Transverse electromagnetic (TEM) waves are characterized by E z — H z — 0. Observe 
from (3.5) that if E z — H z — 0, then the transverse fields are also all zero, unless k 2 — 
0(k 2 = ft 2 ), in which case we have an indeterminate result. However, we can return to 
(3.3)-(3.4) and apply the condition that E z — H z — 0. Then from (3.3a) and (3.4b), we 
can eliminate H x to obtain 

p 2 E y = co 2 fi€E y , 

or 



P - co^/jle - k, (3.8) 

as noted earlier. [This res ult can also be obtained from (3.3b) and (3.4a).] The cutoff wave 
number, k c — ^Jk 2 — fi 2 , is thus zero for TEM waves. 
The Helmholtz wave equation for E x is, from (1.42), 



d 2 3 2 3 2 



\3 X 2 + 3? + ^ 2+k2 ) E ^°' ^ 
but for e~iP z dependence, (d 2 /dz 2 )E x — —fi 2 E x — —k 2 E x , so (3.9) reduces to 

/a 2 d 2 \ 

{^ + s?) Ex = 0 - (3 ' 10) 

A similar result also applies to E y , so using the form of E assumed in (3.1a), we can write 

V?e(x,y) = 0, (3.11) 

where V f 2 = 3 2 /3x 2 + d 2 /dy 2 is the Laplacian operator in the two transverse dimensions. 

The result of (3.11) shows that the transverse electric fields, e(x, y), of a TEM wave 
satisfy Laplace's equation. It is easy to show in the same way that the transverse magnetic 
fields also satisfy Laplace's equation: 

Vfh(x,y) = 0. (3.12) 

The transverse fields of a TEM wave are thus the same as the static fields that can exist 
between the conductors. In the electrostatic case, we know that the electric field can be 
expressed as the gradient of a scalar potential, 4>(x, y): 



e(x,y) = -V f cD(x,>0, 



(3.13) 
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where V r = xidldx) + y(d/dy) is the transverse gradient operator in two dimensions. For 
the relation in (3.13) to be valid, the curl of e must vanish, and this is indeed the case here 
since 

V f x e — —jcofih z z — 0. 

Using the fact that V-D = eV,-e = 0 with (3.13) shows that <I>(x, y) also satisfies 
Laplace's equation, 

V, 2 cD(x,y) = 0, (3.14) 
as expected from electrostatics. The voltage between two conductors can be found as 

V n = ®i - <S>2 = J^E -dl, (3.15) 

where Oi and $2 represent the potential at conductors 1 and 2, respectively. The current 
flow on a given conductor can be found from Ampere's law as 

I = j>Hdl, (3.16) 

where C is the cross -sectional contour of the conductor. 

TEM waves can exist when two or more conductors are present. Plane waves are also 
examples of TEM waves since there are no field components in the direction of propaga- 
tion; in this case the transmission line conductors may be considered to be two infinitely 
large plates separated to infinity. The above results show that a closed conductor (such as a 
rectangular waveguide) cannot support TEM waves since the corresponding static potential 
in such a region would be zero (or possibly a constant), leading to e — 0. 

The wave impedance of a TEM mode can be found as the ratio of the transverse electric 
and magnetic fields: 



Ztem = 




(3.17a) 



where (3.4a) was used. The other pair of transverse field components, from (3.3a), gives 



Ztem = 




(3.17b) 



Combining the results of (3.17a) and (3.17b) gives a general expression for the transverse 
fields as 

1 A 

h(x,y)=- zxe(x,y). (3.18) 

■^TEM 

Note that the wave impedance is the same as that for a plane wave in a lossless medium, 
as derived in Chapter 1 ; the reader should not confuse this impedance with the character- 
istic impedance, Zq, of a transmission line. The latter relates traveling voltage and current 
and is a function of the line geometry as well as the material filling the line, while the 
wave impedance relates transverse field components and is dependent only on the material 
constants. From (2.32), the characteristic impedance of the TEM line is Zq — V/I, where 
V and / are the amplitudes of the incident voltage and current waves. 

The procedure for analyzing a TEM line can be summarized as follows: 

1. Solve Laplace's equation, (3.14), for 4>(x,y). The solution will contain several 
unknown constants. 
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2. Find these constants by applying the boundary conditions for the known voltages on the 
conductors. 

3. Compute e and E from (3.13) and (3.1a). Compute h and H from (3.18) and (3.1b). 

4. Compute V from (3.15) and / from (3.16). 

5. The propagation constant is given by (3.8), and the characteristic impedance is given 
by Z 0 = VII. 



TE Waves 

Transverse electric (TE) waves, (also referred to as //-waves) are characterized by E z — 0 
and H z ^ 0. Equations (3.5) then reduce to 

-jB 9H, 

fl^-iTY 5 , (3.19a) 
kj ax 

— 7/3 dH z 

">=^fV' (3 - i9b) 

E x = -^—^, (3.19c) 
k 2 c dy 

E y = J -f—^. (3.19d) 

k 2 dx 

In this case k c ^ 0, and the propagation constant /i = ^Jk 2 — k% is generally a function of 
frequency and the geometry of the line or guide. To apply (3.19), one must first find H z 
from the Helmholtz wave equation, 

/ 3 2 d 2 d 2 2 \ 

{^ 2 + 8? + ^ +k ) H ^°> (3 ' 20) 

which, since H z (x, y, z) — h z (x, y)e~i^ z , can be reduced to a two-dimensional wave equa- 
tion for h z : 

( 9 2 3 2 2 \ 

^ + ^+*?j* z =0. (3.21) 

since k 2 = k 2 — fi 2 . This equation must be solved subject to the boundary conditions of 
the specific guide geometry. 

The TE wave impedance can be found as 

E x —E Y coa kn 

Z T e = — = = — = —, (3.22) 

H y H x 6 B 

which is seen to be frequency dependent. TE waves can be supported inside closed con- 
ductors, as well as between two or more conductors. 



TM Waves 

Transverse magnetic (TM) waves (also referred to as £-waves) are characterized by 
E z / 0 and H z — 0. Equations (3.5) then reduce to 



jcoe dE z 
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-jB BE Z 

-f^ (123C) 



-jB dE z 
kl dy- 



Ey = -rf-^-- (3.23d) 



As in the TE case, k c ^ 0, and the propagation constant 8 — ^Jk 2 — k% is a function of 
frequency and the geometry of the line or guide. E z is found from the Helmholtz wave 
equation, 

/ 3 2 d 2 d 2 

+ — + — + £ I £<- = 0, (3.24) 



\dx 2 dy 2 dz 2 

which, since E z (x, y, z) — e z (x, y)e~^ z , can be reduced to a two-dimensional wave equa- 
tion for e z : 

( 3 2 3 2 2 \ 

{^ 2 + 8y7 2+k c) e ^°> (3 ' 25) 

since k 2 — k 2 — B 2 . This equation must be solved subject to the boundary conditions of 
the specific guide geometry. 

The TM wave impedance can be found as 

E x -E v B Bn 

Z TM = — = = — = — , (3.26) 

Hy H x coe k 

which is frequency dependent. As for TE waves, TM waves can be supported inside closed 
conductors, as well as between two or more conductors. 

The procedure for analyzing TE and TM waveguides can be summarized as follows: 

1. Solve the reduced Helmholtz equation, (3.21) or (3.25), for h z or e z . The solution 
will contain several unknown constants and the unknown cutoff wave number, k c . 

2. Use (3.19) or (3.23) to find the transverse fields from h z or e z . 

3. Apply the boundary conditions to the appropriate field components to find the 
unknown constants and k c . 

4. The propagation constant is given by (3.6) and the wave impedance by (3.22) or (3.26). 



Attenuation Due to Dielectric Loss 

Attenuation in a transmission line or waveguide can be caused by either dielectric loss or 
conductor loss. If ay is the attenuation constant due to dielectric loss and a c is the attenu- 
ation constant due to conductor loss, then the total attenuation constant is a — ad + a c . 

Attenuation caused by conductor loss can be calculated using the perturbation method 
of Section 2.7; this loss depends on the field distribution in the guide and so must be 
evaluated separately for each type of transmission line or waveguide. However, if the line 
or guide is completely filled with a homogeneous dielectric, the attenuation due to a lossy 
dielectric material can be calculated from the propagation constant, and this result will 
apply to any guide or line with a homogeneous dielectric filling. 

Thus, use of the complex permittivity allows the complex propagation constant to be 
written as 

y=a d + jp = Jk 2 - k 2 

= Jk 2 -o) 2 i^ Q € Q € r (l -jtimS). (3.27) 
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In practice, most dielectric materials have small losses (tan S <C 1), and so this expression 
can be simplified by using the first two terms of the Taylor expansion, 

\j a 2 + x 2 ~ a H — ( — ), forx^Ca. 
2\aj 

Then (3.27) reduces to 

Y = jk 2 -k 2 + jk 2 tsm8 
jk 2 tan S 



k 2 -k 2 + 

ijkj^ 2 

k 2 tan S 
2p 

since ^/k^-l? — j/3. In these results, = a>Jfioeoe r is the (real) wave number in the 
absence of loss. Equation (3.28) shows that when the loss is small the phase constant is 
unchanged, while the attenuation constant due to dielectric loss is given by 

k 2 tan S 

a d = — — — Np/m (TE or TM waves). (3.29) 
2p 

This result applies to any TE or TM wave, as long as the guide is completely filled with 
the dielectric material. It can also be used for TEM lines, where k c — 0, by letting ft — k: 

ktanS 

a d - — — Np/m (TEM waves). (3.30) 



PARALLEL PLATE WAVEGUIDE 

The parallel plate waveguide is the simplest type of guide that can support TM and TE 
modes; it can also support a TEM mode since it is formed from two flat conducting plates, 
or strips, as shown in Figure 3.2. Although it is an idealization, understanding the parallel 
plate guide can be useful because its operation is similar to that of many other waveguides. 
The parallel plate guide can also be useful for modeling the propagation of higher order 
modes in stripline. 




FIGURE 3.2 Geometry of a parallel plate waveguide. 
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In the geometry of the parallel plate waveguide of Figure 3.2, the strip width, W, is 
assumed to be much greater than the separation, d, so that fringing fields and any x vari- 
ation can be ignored. A material with permittivity e and permeability fi is assumed to fill 
the region between the two plates. We will derive solutions for TEM, TM, and TE waves. 

TEM Modes 

As discussed in Section 3.1, the TEM mode solution can be obtained by solving Laplace's 
equation, (3.14), for the electrostatic potential <S>(x, y) between the two plates. Thus, 

V ( 2 $(x,>') = 0, forO < x < W, 0 < y < d. (3.31) 

If we assume that the bottom plate is at ground (zero) potential and the top plate at a 
potential of V 0 , then the boundary conditions for <S>(x, y) are 

4>(x,0)=0, (3.32a) 
<!>(x,d) = V 0 . (3.32b) 

Because there is no variation in x, the general solution to (3.31) for ®(x, y) is 

*(jc,y) = A + By, 

and the constants A, B can be evaluated from the boundary conditions of (3.32) to give the 
final solution as 

<i>{x,y) = V 0 y/d. (3.33) 
The transverse electric field is, from (3.13), 

e(jc,y) = -V,*(x,y) = -y^, (3.34) 

d 

so that the total electric field is 

E(x, y, z) = e(x, y)e~ jkz = -y^e~ jkz , (3.35) 

d 

where k — co^/jZe is the propagation constant of the TEM wave, as in (3.8). The magnetic 
field, from (3.18), is 

H(x,y,z) = h{x,y)e-j kz = -z x E(x, y, z) = x—e~ ikz , (3.36) 

rj rjd 

where r\ — */jZJe is the intrinsic impedance of the medium between the parallel plates. 
Note that E z — H z = 0 and that the fields are similar in form to a plane wave in a homo- 
geneous region. 

The voltage of the top plate with respect to the bottom plate can be calculated from 
(3.15) and (3.35) as 



V = - [ E y dy = V 0 e~j kz , 

Jy=Q 



(3.37) 
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as expected. The total current on the top plate can be found from Ampere's law or the 
surface current density: 



I = / J,zdx = (-y x H)-zdx = / H x dx = —^e~ ]kz . (3.38) 

Jx=0 Jx=0 Jx=0 



Then the characteristic impedance is 

V rjd 

Z 0 = - = — , (3.39) 
I W 

which is seen to be a constant dependent only on the geometry and material parameters of 
the guide. The phase velocity is also a constant: 

w 1 

v p = - = —, (3.40) 

which is the speed of light in the material medium. 

Attenuation due to dielectric loss is given by (3.30). The formula for conductor atten- 
uation will be derived in the next subsection as a special case of TM mode attenuation. 



TM Modes 

As discussed in Section 3.1, TM waves are characterized by H z — 0 and a nonzero E z field 
that satisfies the reduced wave equation of (3.25), with 3/3x = 0: 

(j^2+t£je t {x,y) = 0, (3.41) 

where k c = y/k 2 — ji 2 is the cutoff wave number, and E z (x, y, z) — e z (x, y)e~^ z . The 
general solution to (3.41) is of the form 

e z (x, y) — Asm k c y + B cos k c y, (3.42) 

subject to the boundary conditions that 

e z (x,y)=0, at y = 0, d. (3.43) 

This implies that B = 0 and k c d — rnt for n — 0, 1, 2, 3 . . . , or 

k c =^-, n = 0, 1, 2, 3,.... (3.44) 
d 

Thus the cutoff wave number, k c , is constrained to discrete values as given by (3.44); this 
implies that the propagation constant, f$, is given by 

0 = ^k 2 - k 2 = Jk 2 - {mi/d) 2 . (3.45) 
The solution for e z (x , y) is then 

nny 

e z (x, y) — A n sin — — , (3.46) 
d 



and thus, 



E z (x,y,z) = Ansin^e-j^. (3.47) 
d 
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The transverse field components can be found, using (3.23), to be 

H^^cos^e-^, (3.48a) 

E Zll AnC0S n ?l e -jPz^ (348b) 
k c d 

E x = H y = 0. (3.48c) 

Observe that for n — 0, B — k — co^/JZe, and that E z = 0. The E y and H x fields are 
then constant in y, so that the TMo mode is actually identical to the TEM mode. For n > 0, 
however, the situation is different. Each value of n corresponds to a different TM mode, 
denoted as the TM„ mode, and each mode has its own propagation constant given by (3.45) 
and field expressions given by (3.48). 

From (3.45) it can be seen that B is real only when k > k c . Because k — co^/jle is pro- 
portional to frequency, the TM„ modes (for n > 0) exhibit a cutoff phenomenon, whereby 
no propagation will occur until the frequency is such that k > k c . The cutoff frequency of 
the TM„ mode can be found as 

k c n 

fc = = ^r^- (3.49) 

Thus, the TM mode (for n > 0) that propagates at the lowest frequency is the TMi mode, 
with a cutoff frequency of f c — 1 /2d^/]Ze; the TM2 mode has a cutoff frequency equal to 
twice this value, and so on. At frequencies below the cutoff frequency of a given mode, 
the propagation constant is purely imaginary, corresponding to a rapid exponential decay 
of the fields. Such modes are referred to as cutoff modes, or evanescent modes. Because of 
the cutoff frequency, below which propagation cannot occur, waveguide mode propagation 
is analogous to a high-pass filter response. 

The wave impedance of a TM mode, from (3.26), is a function of frequency: 

-E y 8 Bn 

Ztm=— 1 = — = ^ 1 , (3.50) 
H x coe k 

which we see is pure real when / > f c but pure imaginary when / < f c . The phase 
velocity is also a function of frequency: 

v P =^, (3.51) 
P 

and is seen to be greater than — co/k, the speed of light in the medium, since ft < k. 

The guide wavelength is defined as 



2tt 

T' 



X g = — , (3.52) 



and is the distance between equiphase planes along the z-axis. Note that k g > X — 2it/k, 
the wavelength of a plane wave in the material. The phase velocity and guide wavelength 
are defined only for a propagating mode, for which ft is real. One may also define a cutoff 
wavelength for the TM„ mode as 

2d 

X c = —. (3.53) 
n 
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It is instructive to compute the Poynting vector to see how power propagates in the 
TM„ mode. From (1.91), the time-average power passing a transverse cross section of the 
parallel plate guide is 



p W t>d 

°" = 2 Re / / 

^ Jx=0 Jy=0 



= --Re/ / E y H*dydx 



E x H* -zdydx 



7kl ' 



Jy=0 



2 n7 *y , 

cos — — dy — 



WRe(P)a>ed 

4*? ' 

WRe(P)coed 
2fc2 1 



for n > 0 
for n = 0 



(3.54) 

where (3.48a, b) were used for E y , H x . Thus, P Q is positive and nonzero when ft is real, 
which occurs when / > f c . When the mode is below cutoff, fi is imaginary, and then 
Po = 0. 

TM (or TE) waveguide mode propagation has an interesting interpretation when 
viewed as a pair of bouncing plane waves. For example, consider the dominant TMi mode, 
which has propagation constant 



Pi = Jk 2 - (n/d) 2 , 



(3.55) 



and E 7 field 



which can be rewritten as 



E z = Aisin— e~^ iz , 



V L 



J(7ty/d-Piz) 



-j(7iy/d+faz) 



(3.56) 



This result is in the form of two plane waves traveling obliquely in the —y, +z and +y, +z 
directions, respectively, as shown in Figure 3.3. By comparison with the phase factor of 
(1.132), the angle 9 that each plane wave makes with the z-axis satisfies the relations 



fcsin# = 



kcosO — Pi, 



(3.57a) 
(3.57b) 



so that (it/d) 2 + P 2 = k 2 , as in (3.55). For / > f c , j3 is real and less than k\, so 6 is some 
angle between 0° and 90°, and the mode can be thought of as two plane waves alternately 
bouncing off of the top and bottom plates. 




0 z 
FIGURE 3.3 Bouncing plane wave interpretation of the TMi parallel plate waveguide mode. 
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The phase velocity of each plane wave along its direction of propagation (9 direction) 
is co/k — 1/^/jZe, which is the speed of light in the material filling the guide. However, the 
phase velocity of the plane waves in the z direction is co/fii — l/*/jZe cos 6, which is greater 
than the speed of light in the material. (This situation is analogous to ocean waves hitting 
a shoreline: the intersection point of the shore and an obliquely incident wave crest moves 
faster than the wave crest itself.) The superposition of the two plane wave fields is such that 
complete cancellation occurs at y = 0 and y = d, to satisfy the boundary condition that 
E z — 0 at these planes. As / decreases to f c , fi\ approaches zero, so that, by (3.57b), 6 
approaches 90°. The two plane waves are then bouncing up and down, with no motion in 
the +z direction, and no real power flow occurs in the z direction. 

Attenuation due to dielectric loss can be found from (3.29). Conductor loss can be 
treated using the perturbation method. Thus, 

Pt 

oic = (3.58) 

where P a is the power flow down the guide in the absence of conductor loss, as given by 
(3.54). Pi is the power dissipated per unit length in the two lossy conductors and can be 
found from (2.97) as 

Rs\ f W . - .2 , a 2 € 2 R s W 2 



Pe=2 \Y)J - 0 lJA * = kJ^ lAnl ' (3 ' 59) 

where R s is the surface resistivity of the conductors. Using (3.54) and (3.59) in (3.58) gives 
the attenuation due to conductor loss as 

2coeR, 2kR s 

a c - - Np/m, for n > 0. (3.60) 

fid firjd 

As discussed previously, the TEM mode is identical to the TMo mode for the parallel 
plate waveguide, so the above attenuation results for the TM„ mode can be used to obtain 
the TEM mode attenuation by letting n — 0. For this case, the n — 0 result of (3.54) must 
be used in (3.58), to obtain 

a c = — Np/m. (3.61) 
rjd 

TE Modes 

TE modes, characterized by E z — 0, can also propagate in a parallel plate waveguide. From 
(3.21), with 3/3x = 0, H z must satisfy the reduced wave equation, 



i_ 2 

dy 



2 +k 2 c \h z (x,y)=0, (3.62) 



where k c — ^k 2 — f} 2 is the cutoff wave number and H z (x,y,z) — h z (x, y)e '^ z . The 
general solution to (3.62) is 

h z (x, y) — A sinfc c y + B cos k c y. (3.63) 

The boundary conditions are that E x — 0 at y = 0, d; E z is identically zero for TE modes. 
From (3.19c) we have 

E x = — ^ (A cos k c y - B sink c y) e~^ z , (3.64) 



108 



Chapter 3: Transmission Lines and Waveguides 



and applying the boundary conditions shows that A — 0 and 



rm 

k c = — , n = l, 2, 3..., (3.65) 
d 



as for the TM case. The final solution for H z is then 



H z (x, y) = B n cos n ^-e~ ifiz . (3.66) 
d 



The transverse fields can be computed from (3.19) as 



E x = ^B n ^e-*\ (3.67a) 
k c d 

H y = —B n sin — y -e~' lfiz , (3.67b) 
k c d 

E y = H x = 0. (3.67c) 



The propagation constant of the TE„ mode is given as 



p = T 2 ~ (t) ' (3 ' 68) 

which is the same as the propagation constant of the TM„ mode. The cutoff frequency of 
the TE„ mode is 

fc = ^r^, (3.69) 



which is also identical to that of the TM„ mode. The wave impedance of the TE„ mode is, 
from (3.22), 

E x (dijl kn 
Z TE = — = — = — , (3.70) 

Hy R (i 

which is seen to be real for propagating modes and imaginary for nonpropagating, or cutoff, 
modes. The phase velocity, guide wavelength, and cutoff wavelength are similar to the 
results obtained for the TM modes. 

The power flow down the guide for a TE„ mode can be calculated as 

P„ = Re / / E x H* -zdydx = -Re/ / E x H*dydx 

2 J x =oJy=0 2 J x= oJ y= 0 

= ( ^^-\B„\ 2 Re(l3), for«>0, (3.71) 

which is zero if the operating frequency is below the cutoff frequency (B imaginary). 

Note that if n — 0, then E x — H y — 0 from (3.67), and thus P a — 0, implying that 
there is no TEo mode. 

Attenuation can be calculated in the same way as for the TM modes. The attenuation 
due to dielectric loss is given by (3.29). It is left as a problem to show that the attenuation 
due to conductor loss for TE modes is given by 

_ 2k 2 c R s _ 2k 2 R s 
c cofifid kfir\d 
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0123456789 10 
k_ = kd 
k c IT 

FIGURE 3.4 Attenuation due to conductor loss for the TEM, TM U and TEj modes of a parallel 
plate waveguide. 

Figure 3.4 shows attenuation versus frequency due to conductor loss for the TEM, TMi, 
and TEi modes. Observe that a c — > oo as cutoff is approached for the TM and TE 
modes. 

Table 3.1 summarizes a number of useful results for parallel plate waveguide modes. 
Field lines for the TEM, TMi , and TEj modes are shown in Figure 3.5. 



TABLE 3.1 Summary of Results for Parallel Plate Waveguide 



Quantity 


TEM Mode 


TM„ Mode 




TE„ Mode 




k 


co^/JZe 










k c 


0 


njt /d 




nn/d 




P 


k = waffle 


•J k 2 — k 2 




Jk 2 — k 2 




Ac 


oo 


2jt/k c — 2d In 




2n /k c — 2d/n 




X g 


In Ik 


27T/P 




2n/p 




v p 


co/k = l/JJZe 


CO/0 




co/P 




ud 


(Xtan5)/2 


(k 2 tanS)/2p 




(k 2 tanS)/2p 




etc 


Rs/ld 


2kR s /prjd 




2k 2 R s /kpr/d 




E z 


0 


A sin (nity/d)e~j^ z 




0 




Hz 


0 


0 




B cos (nny /d)e~i@ z 




E x 


0 


0 




{jaoii/kc)B sin (nny /d)e 


-JPz 


Ey 


(-V„/d)e-J^ 


(—jP/k c )A cos {nny /d)e~ 


-JPz 


0 




H x 


{V 0 /r,d)e-jP z 


(jcoe/k c )Acos (nny/d)e~ 


-m 


0 




Hy 


0 


0 




(jP/k c )B n sin (nny/d)e~ 




Z 


Ztem = id/ W 


Ztm = Pv/k 




Z T E = kn/p 
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(a) 



v --t-f--t--M-M-M-t-4- + -M^ ) 
^ i~ t i ~H~I~~'H~ 1 1 i 1 Ir^i 

(b) ~ 



(c) 

FIGURE 3.5 Field lines for the (a) TEM, (b) TMj , and (c) TEj modes of a parallel plate wave- 
guide. There is no variation across the width of the waveguide. 



RECTANGULAR WAVEGUIDE 

Rectangular waveguides were one of the earliest types of transmission lines used to transport 
microwave signals, and they are still used for many applications. A large variety of components 
such as couplers, detectors, isolators, attenuators, and slotted lines are commercially available 
for various standard waveguide bands from 1 to 220 GHz. Figure 3.6 shows some of the 
standard rectangular waveguide components that are available. Because of the trend toward 
miniaturization and integration, most modern microwave circuitry is fabricated using planar 
transmission lines such as microstrips and stripline rather than waveguides. There is, however, 
still a need for waveguides in many cases, including high-power systems, millimeter wave 
applications, satellite systems, and some precision test applications. 

The hollow rectangular waveguide can propagate TM and TE modes but not TEM 
waves since only one conductor is present. We will see that the TM and TE modes of a 
rectangular waveguide have cutoff frequencies below which propagation is not possible, 
similar to the TM and TE modes of the parallel plate guide. 



TE Modes 

The geometry of a rectangular waveguide is shown in Figure 3.7, where it is assumed 
that the guide is filled with a material of permittivity e and permeability /x. It is standard 
convention to have the longest side of the waveguide along the x-axis, so that a > b. 

TE waveguide modes are characterized by fields with E z — 0, while H z must satisfy 
the reduced wave equation of (3.21): 

/ 3 2 9 2 ,\ 

\^ + ^yi+ k c\ h ^= Q > (3.73) 

with H z (x, y, z) = h z (x, y)e~^ z \ here k c — ^Jk 2 — fi 2 is the cutoff wave number. The 
partial differential equation (3.73) can be solved by the method of separation of variables 
by letting 



h z (x,y)=X(x)Y(y) 



(3.74) 
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Variable attenuator 




Coupler 



FIGURE 3.6 Photograph of Ka-band (WR-28) rectangular waveguide components. Clockwise 
from top: a variable attenuator, an E-H (magic) tee junction, a directional coupler, 
an adaptor to ridge waveguide, an E-plane swept bend, an adjustable short, and a 
sliding matched load. 



and substituting into (3.73) to obtain 

1 d 2 X 1 d 2 Y 
+ 



4- k z — 0 
Xdx 2 ' Y dy 2 c ~ 



(3.75) 



Then, by the usual separation-of-variables argument (see Section 1 .5), each of the terms in 
(3.75) must be equal to a constant, so we define separation constants k x and k y such that 



d z X 
Ix 2 
d 2 Y 
dy 2 



+ k 2 X = 0, 



+ k 2 Y = 0, 



(3.76a) 
(3.76b) 



FIGURE 3.7 Geometry of a rectangular waveguide. 
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and 



k 2 x +k 2 =k 2 r . (3.77) 



The general solution for h z can then be written as 

h z (x, y) — (Acosk x x + B smk x x)(C cos k y y + Dsink y y). (3.78) 

To evaluate the constants in (3.78) we must apply the boundary conditions on the 
electric field components tangential to the waveguide walls. That is, 

e x (x,y)=0, aty=0,b, (3.79a) 
e y (x,y)=0, atx=0,a. (3.79b) 

We therefore cannot use h z of (3.78) directly but must first use (3.19c) and (3.19d) to find 
e x and e y from h z : 

— jco/J, 

e x = — -j — k y (Acosk x x + B smk x x)(—C sink y y + Dcosk y y), (3.80a) 
jcofi 

e y — — y~ kx(— Asink x x + B cos k x x)(C cos k y y + Dsink y y). (3.80b) 

Then from (3.79a) and (3.80a) we see that D — 0, and k y — nit lb for n — 0, 1,2 

From (3.79b) and (3.80b) we have that B = 0 and k x = ran /a for m = 0, 1,2.... The 
final solution for H z is then 

mnx nny _ jf > 

H z (x, y, z) — A mn cos cos — — e JP \ (3.81) 

a b 

where A mn is an arbitrary amplitude constant composed of the remaining constants A 
and C of (3.78). 

The transverse field components of the TE m „ mode can be found using (3.19) and 
(3.81): 

E x - J —^- A mn cos sin ^y-e~ j P z , (3.82a) 

_ jm^miT ^ mjrx ^ n ^_ e -j^z^ (3.82b) 
k^a a b 

jfimn . mnx mty _ jf} 

H x = — = — A m „sin cos— — e Jpz , (3.82c) 

k£a a b 

iBnn mnx nny ,o_ 

H y = -^-A mn cos —— sin -^-e'J^. (3.82d) 

The propagation constant is 



-(=)'. (3 .83) 
which is seen to be real, corresponding to a propagating mode, when 



j/mn\ 2 /nn\ 2 
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Each mode (each combination of m and n) has a cutoff frequency f Cmn given by 



f "mn 



1 1 /mjr\ 2 /n7T\ 2 

= 2^V( t) + (t) • (3 - 84) 



The mode with the lowest cutoff frequency is called the dominant mode; because we have 
assumed a > b, the lowest cutoff frequency occurs for the TEio(m = 1, n = 0) mode: 



1 

2a J lie 



/do = (3-85) 



Thus the TEio mode is the dominant TE mode and, as we will see, the overall dominant 
mode of the rectangular waveguide. Observe that the field expressions for E and H in 
(3.82) are all zero if both m — n — 0; there is no TEoo mode. 

At a given operating frequency / only those modes having / > f c will propagate; 
modes with / < f c will lead to an imaginary p 1 (or real a), meaning that all field compo- 
nents will decay exponentially away from the source of excitation. Such modes are referred 
to as cutoff modes, or evanescent modes. If more than one mode is propagating, the wave- 
guide is said to be overmoded. 

From (3.22) the wave impedance that relates the transverse electric and magnetic fields 

is 

z ™ = w = z ir = k i> (3 - 86) 

Hy H X P 

where r\ — -y/JT/e is the intrinsic impedance of the material filling the waveguide. Note 
that Zte is real when/i is real (a propagating mode) but is imaginary when p~ is imaginary 
(a cutoff mode). 

The guide wavelength is defined as the distance between two equal-phase planes along 
the waveguide and is equal to 

2tt 2tt 

X g = — >—=X, (3.87) 

which is thus greater than X, the wavelength of a plane wave in the medium filling the 
guide. The phase velocity is 

(X) co , 

v P = - > - = (3.88) 

p K 

which is greater than 1 / ^/JZe, the speed of light (plane wave) in the medium. 

In the vast majority of waveguide applications the operating frequency and guide 
dimensions are chosen so that only the dominant TEio mode will propagate. Because of 
the practical importance of the TEio mode, we will list the field components and derive the 
attenuation due to conductor loss for this case. 

Specializing (3.81) and (3.82) to the m = 1, n — 0 case gives the following results 
for the TEio mode fields: 

H z = A 10 cos — e~ j(lz , (3.89a) 
a 



E y = ZlW±A w **™e-»', (3.89b) 
7t a 

Hx = iM Alosin —e-^, (3.89c) 
jt a 

E X = E Z = H y = 0. (3.89d) 
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The cutoff wave number and propagation constant for the TEjo mode are, respectively, 

k c = it /a, (3.90) 
0 = Jk 2 - (jr/a) 2 . (3.91) 

The power flow down the guide for the TEio mode can be calculated as 

rb 



1 r a f 

P w = -Re / / E x H* ■ zdydx 

2 J x= 0 Jy=0 

i r a r h 

= -Re/ / E y H*dydx 

£ Jx=0Jy=0 



w l xa2 v> row |2 f" [ b -2 nx 



ra nt 

. ReO0)|Ai O | z / / sin z —dydx 

Jx=0 Jy=0 a 



ly=0 

ct>fia 3 \Aio\ 2 b 



4it 2 



Re(/3). (3.92) 



Note that this result gives nonzero real power only when /3 is real, corresponding to a 
propagating mode. 

Attenuation in a rectangular waveguide may occur due to dielectric loss or conductor 
loss. Dielectric loss can be treated by making e complex and using the general result given 
in (3.29). Conductor loss is best treated using the perturbation method. The power lost per 
unit length due to finite wall conductivity is, from (1.131), 



2Jc 



J s \ 2 dl, (3.93) 



where R s is the wall surface resistance, and the integration contour C encloses the inside 
perimeter of the guide walls. There are surface currents on all four walls, but from sym- 
metry the currents on the top and bottom walls are identical, as are the currents on the left 
and right side walls. So we can compute the power lost in the walls at x — 0 and y — 0 
and double their sum to obtain the total power loss. The surface current on the x — 0 (left) 
wall is 

J s = n x H\ x=0 =xx zH z \ x=0 = -yH z \ x=0 = -yAwe''^, (3.94a) 
and the surface current on the y — 0 (bottom) wall is 

J s = n x H\ y=0 = yx (xH x \ y=0 + zH z \ y=0 ) 

„ jBa JTX ;o_ „ IX X :o„ 

= -z — A 10 sin — <r^ z + jcAi 0 cos — e~ jfiz . (3.94b) 
it a a 

Substituting (3.94) into (3.93) gives 

Pi = R s [ \J sy \ 2 dy + R s f \\J SX \ 2 + \J SZ \ 2 ] dx 

Jy=0 Jx=0 1 J 



R s \A w \ 2 \b+-- + ^- T I. (3.95) 



2„3 



a P a 
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The attenuation due to conductor loss for the TEio mode is then 

P t _ 2jt 2 R s (b + a/2 + p 2 a 3 /2n 2 ) 
ac ~ 2P l0 ~ <afia 3 bp 

(2bn 2 + a 3 k 2 ) Np/m. (3.96) 



a 3 b/3krj 



TM Modes 

TM modes are characterized by fields with H z — 0, while E z must satisfy the reduced 
wave equation (3.25): 

/ 9 2 9 2 ,\ 

[^ + ^+^e z (x,y } =0, (3.97) 

with E z (x, y, z) — e z (x, y)e~^ z and k 2 — k 2 — fi 2 . Equation (3.97) can be solved by the 
separation-of-variables procedure that was used for TE modes. The general solution is 

e z (x, y) — (A cosk x x + B sin k x x)(C cos k y y + D sin £■>.}■)• (3.98) 

The boundary conditions can be applied directly to e z : 

e z (x,y) = 0, atx = 0,a, (3.99a) 
e z (x,y) = 0, &ty = 0,b. (3.99b) 

We will see that satisfaction of these conditions on e z will lead to satisfaction of the bound- 
ary conditions by e x and e y . 

Applying (3.99a) to (3.98) shows that A — 0 and k x — ran la for m = 1, 2, 3. . . . 

Similarly, applying (3.99b) to (3.98) shows that C — 0 and k y — nit lb forn = 1, 2, 3 

The solution for E z then reduces to 

mjtx tiny ;R , 

E z (x, y, z) = B mn sin sin — -e - }fiz , (3.100) 

a b 

where B mn is an arbitrary amplitude constant. 

The transverse field components for the TM m „ mode can be computed from (3.23) and 
(3.100) as 

E X = ~-^B mn cos = sin "; V , ^. (3.101a) 
flfej a b 

E y = B mn sin cos— — e JP \ (3.101b) 

bk£ a b 

jweniT . mnx rnty _ jfj 
bk 2 S1 " ~a~ C ° S ~b~ £ (3.101c) 

— jcoemit rrntx rnty ;R _ 

H y = — — = B mn cos sin — -e~ J P z . (3.101d) 

ak£ a b 

As for the TE modes, the propagation constant is 

f.^.fZf^fq^f ,3.102, 



116 Chapter 3: Transmission Lines and Waveguides 



0.5 

0.4 
| 0.3 

a 

-o 

« 0.2 
0.1 











b = a/2 1 


TM„ 






b = a 


b = a 






TE 10 
cutoff 

\ 

,, 1 1 


TM„ 
cutoff 1. 

1 1 1 


TE 20 
cutoff^ 





10 12 14 
Frequency (GHz) 



16 



18 



FIGURE 3.8 Attenuation of various modes in a rectangular brass waveguide with a = 2.0 cm. 



and is real for propagating modes and imaginary for cutoff modes. The cutoff frequencies 
for the TM mn modes are also the same as those of the TE mn modes, as given in (3.84). 
The guide wavelength and phase velocity for TM modes are also the same as those for TE 
modes. 

Observe that the field expressions for E and H in (3.101) are identically zero if either 
m or n is zero. Thus there is no TMoo, TMoi, or TMio mode, and the lowest order TM 
mode to propagate (lowest f c ) is the TMn mode, having a cutoff frequency of 



feu 



1 



(3.103) 



which is seen to be larger than f ci0 , the cutoff frequency of the TEio mode. 

The wave impedance relating the transverse electric and magnetic fields for TM modes 
is, from (3.26), 



E x E v 

■^TM = — = 



k ' 



(3.104) 



Attenuation due to dielectric loss is computed in the same way as for TE modes, with 
the same result. The calculation of attenuation due to conductor loss is left as a problem; 
Figure 3.8 shows attenuation versus frequency for some TE and TM modes in a rectangular 
waveguide. Table 3.2 summarizes results for TE and TM wave propagation in rectangular 
waveguides, and Figure 3.9 shows the field lines for several of the lowest order TE and TM 
modes. 




EXAMPLE 3.1 CHARACTERISTICS OF A RECTANGULAR WAVEGUIDE 

Consider a length of Teflon-filled, copper K-band rectangular waveguide having 
dimensions a — 1 .07 cm and b — 0.43 cm. Find the cutoff frequencies of the first 
five propagating modes. If the operating frequency is 15 GHz, find the attenuation 
due to dielectric and conductor losses. 
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TABLE 3.2 Summary of Results for Rectangular Waveguide 



Quantity 



TE mn Mode 



TM mn Mode 



k 



^(mn/a) 2 + (nn/b) 2 
k 2 — k 2 



In 

In 
J 



co^/JZe 
^(mn/a) 2 + (nn/b) 2 

k 2 — k 2 



In 
In 



H 7 



Mr 



k 2 tan S 
0 

mnx nny •» 

A cos cos e JP '- 

a b 

jco/inn mnx . nny _ jf , 
-A cos sin c Ji Ji - 



k 2 b 



sin e 

a b 



—jmfimn mnx nny _ !H 

t= Asm cos e Jpi 

k£a a b 

iBmn . mnx nny -.a, 

— A sin cos — -e~ }t>z 

k 2 a a. b 

jfinn mnx . nny _ ,-o, 
— x — A cos sin e Jr 



Z TE = 



kn 



k 2 tw& 

. mnx . nny _ !ff 

6 sin sin e JFC 

a b 



-jfimn n _ mnx ._ nny -jp z 



-B cos sin e 

k£a a b 

— jBnn mnx nny iR . 

— ^ B sin cos — -e~JP z 

k 2 b a b 

jcoenn mnx nny 

— = 6 sin cos e 1P 

k 2 b a b 

-jcoemn mnx nny _ ■,a 7 

— — ^ 6 cos sin e JHC 

kla a b 



Br, 



Solution 

From Appendix G, for Teflon, e r = 2.08 and tan 8 = 0.0004. From (3.84) the 
cutoff frequencies are given by 

c /mjT\2 /«jr\2 

= ^QtA \~a~) + kt) ■ 

Computing f c for the first few values of m and n gives the following results: 



Mode 


m 


n 


/ c (GHz) 


TE 


1 


0 


9.72 


TE 


2 


0 


19.44 


TE 


0 


1 


24.19 


TE, TM 


1 


1 


26.07 


TE, TM 


2 


1 


31.03 
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Thus the TEio, TE20, TE01, TEn, and TMy modes will be the first five modes to 
propagate. 

At 15 GHz, k — 453.1 m , and the propagation constant for the TE10 mode 

is 



From (3.29), the attenuation due to dielectric loss is 
A: 2 tan<5 



ad 



2fi 



0.119 Np/m = 1.03 dB/m. 



The surface resistivity of the copper walls is (er — 5.8 x 10 7 S/m) 



CQflQ 

~2a~ 



0.032 £2, 



and the attenuation due to conductor loss, from (3.96), is 



a r = 



a 3 bfikr] 



(2b7i L + a 3 k 2 ) = 0.050 Np/m = 0.434 dB/m. 



TE m0 Modes of a Partially Loaded Waveguide 

The above results apply to an empty waveguide as well as one filled with a homogeneous 
dielectric or magnetic material, but in some cases of practical interest (such as impedance 
matching or phase-shifting sections) a waveguide is used with a partial dielectric filling. 
In this case an additional set of boundary conditions are introduced at the material inter- 
face, necessitating a new analysis. To illustrate the technique we will consider the TE m o 
modes of a rectangular waveguide that is partially filled with a dielectric slab, as shown 
in Figure 3.10. The analysis still follows the basic procedure outlined at the end of 
Section 3.1. 

Since the geometry is uniform in the y direction and n = 0, the TE,„o modes have no 
y dependence. Then the wave equation of (3.21) for h z can be written separately for the 
dielectric and air regions as 



3 2 



+ kj \h z = 0, forO < x < t, 



+ ka )h z = 0, forf < x < a, 



(3.105a) 
(3.105b) 




FIGURE 3.10 Geometry of a partially loaded rectangular waveguide. 



120 Chapter 3: Transmission Lines and Waveguides 



where and k a are the cutoff wave numbers for the dielectric and air regions, defined as 
follows: 



k% (3.106a) 



P = >/*o " k l ( 3 - 106b ) 

These relations incorporate the fact that the propagation constant, /j, must be the same in 
both regions to ensure phase matching (see Section 1.8) of the fields along the interface at 
x = t. The solutions to (3.105) can be written as 

f A cos kdx + B sin k<jx for 0 < x < t 

h z =\ ~ ~ (3.107) 

[ C cos k a (a — x) + D sin k a (a — x) for t < x < a, 

where the form of the solution for t < x < a was chosen to simplify the evaluation of 
boundary conditions at x — a. 

We need y and z electric and magnetic field components to apply the boundary condi- 
tions at x = 0, t , and a. E z — 0 for TE modes, and H y — 0 since 3/3y = 0. E y is found 
from (3.19d) as 



(— Asinkjx + Bcoskjx) for0<x<f 

kd 

[C sink a (a — x) — Dcosk a (a — x)] for t < x < a. 



(3.108) 




ka 

To satisfy the boundary conditions that E y = 0 at x =0 and x — a requires that B — 
D — 0. We next enforce continuity of tangential fields (E y , H z )atx — t. Equations (3.107) 
and (3.108) then give the following: 

—A C 

sinkdt — — sinfe a (a — t), 

kd k a 

A cos kdt = C cos k a (a — t). 

Because this is a homogeneous set of equations, the determinant must vanish in order to 
have a nontrivial solution. Thus, 

k a tank d t +k d tank a (a - t) — 0. (3.109) 

Using (3.106) allows k a and kd to be expressed in terms of fi, so (3.109) can be solved 
numerically for p. There is an infinite number of solutions to (3. 109), corresponding to the 
propagation constants of the TE m o modes. 

This technique can be applied to many other waveguide geometries involving dielec- 
tric or magnetic material inhomogeneities, such as the surface waveguide of Section 3.6 or 
the ferrite-loaded waveguide of Section 9.3. In some cases, however, it will be impossible 
to satisfy all the necessary boundary conditions with only TE- or TM-type modes, and a 
hybrid combination of both types of modes may be required. 



POINT OF INTEREST: Waveguide Flanges 

There are two commonly used waveguide flanges: the cover flange and the choke flange. As 
shown in the accompanying figure, two waveguides with cover-type flanges can be bolted to- 
gether to form a contacting joint. To avoid reflections and resistive loss at this joint it is neces- 
sary that the contacting surfaces be smooth, clean, and square because RF currents must flow 
across this discontinuity. In high-power applications voltage breakdown may occur at an imper- 
fect junction. Otherwise, the simplicity of the cover-to-cover connection makes it preferable for 
general use. The SWR from such a joint is typically less than 1.03. 



3.4 Circular Waveguide 121 



An alternative waveguide connection uses a cover flange against a choke flange, as shown 
in the figure. The choke flange is machined to form an effective radial transmission line in the 
narrow gap between the two flanges; this line is approximately \ g /4 in length between the guide 
and the point of contact for the two flanges. Another X g /4 line is formed by a circular axial 
groove in the choke flange. Then the short circuit at the right-hand end of this groove is trans- 
formed into an open circuit at the contact point of the flanges. Any resistance in this contact is in 
series with an infinite (or very high) impedance and thus has little effect. This high impedance 
is transformed back into a short circuit (or very low impedance) at the edges of the waveguides 
to provide an effective low-resistance path for current flow across the joint. Because there is 
a negligible voltage drop across the ohmic contact between the flanges, voltage breakdown is 
avoided. Thus, the cover-to-choke connection can be useful for high-power applications. The 
SWR for this joint is typically less than 1.05 but is more frequency dependent than that of the 
cover-to-cover joint. 




Cover-to-cover Cover-to-choke 
connection connection 



Reference: C. G. Montgomery, R. H. Dicke, and E. M. Purcell, Principles of Microwave Circuits, McGraw-Hill, 
New York, 1948. 

CIRCULAR WAVEGUIDE 

A hollow, round metal pipe also supports TE and TM waveguide modes. Figure 3.11 shows 
the geometry of such a circular waveguide, with inner radius a. Because cylindrical geom- 
etry is involved, it is appropriate to employ cylindrical coordinates. As in the rectangular 




FIGURE 3.11 Geometry of a circular waveguide. 
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coordinate case, the transverse fields in cylindrical coordinates can be derived from E z or 
H z field components for TM and TE modes, respectively. Paralleling the development of 
Section 3.1, we can derive the cylindrical components of the transverse fields from the 
longitudinal components as 

E > = 4{^ + Ti>i)> (3 - 110a) 

-j //}dE z dH z \ 
= — j- I — — wli— — , (3.110b) 



k 2 \p d(p dp 
j fcoedE, dH z \ 

H > = kv7*- p ^Y (3 - UOc) 

^ = ^(«*^ + ^l O.llOd) 



k 2 \ dp p d(j> 

where k 2 — k 2 — fi 2 , and e~^ z propagation has been assumed. For e + '^ z propagation, 
replace fi with — fi in all expressions. 



TE Modes 

For TE modes, E z — 0, and H z is a solution to the wave equation, 



V 2 H z +k 2 H z = 0. (3.111) 



lfH z (p,(f>, z) = h z (p,<j>)e -'P z , (3.111) can be expressed in cylindrical coordinates as 



19 13 

dp 2 ' pdp + p 2 d<p 



2 + ^ + 7ra+*c Mp. *) = o. (3.H2) 



As before, we apply the method of separation of variables. Thus, let 

h z (p,<j>) = R(p)P(<P), (3.113) 
and substitute into (3.112) to obtain 

1 d 2 R 1 dR 1 d 2 P , 



R dp 2 pR dp p 2 P d(p 2 



or 



p 2 d 2 R p dR , , -1 d 2 P 

- ==- + - — +P 2 k 2 = (3.114) 

R dp 2 R dp H c P dcp 2 

The left side of this equation depends only on p (not (/>), while the right side depends only 
on (j). Thus, each side must be equal to a constant, which we will call k 2 ,. Then, 

-l_^p_ 
P dct> 2 -*+' 

or 

0+^=0. (3.115) 
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In addition, 

p ^ +p ip + \ p : - k i) R=o - (3 - n6) 

The general solution to (3.1 15) is 

P(<j>) = Asin/t0</> + Bcosk<pcj>. (3.117) 

Because the solution to h z must be periodic in (/> [i.e., h z (p, (/>) — h z (p, (/> ± 2mn)], 
must be an integer, n. Thus (3.117) becomes 

P(4>) = Asinti(p + Bcosn<j>, (3.118) 

and (3.116) becomes 

0 d 2 R dR / o ~. 0 \ 
p 2 -^+p— + (p 2 k 2 -n 2 )R = 0, (3.119) 

which is recognized as Bessel's differential equation. The solution is 

R(p) = CJ n (k c p)+DY n (k c p), (3.120) 

where J n (x) and Y n (x) are the Bessel functions of first and second kinds, respectively. 
Because Y n (k c p) becomes infinite at p — 0, this term is physically unacceptable for a 
circular waveguide, so D — 0. The solution for h z can then be simplified to 

h z (p, </>) = (A sin«0 + B cos n(p)J n (k c p), (3.121) 

where the constant C of (3.120) has been absorbed into the constants A and B of (3.121). 
We must still determine the cutoff wave number k c , which we can do by enforcing the 
boundary condition that fitan = 0 on the waveguide wall. Because E z — 0, we must have 
that 

£' 0 (p, ( /)) = O atp = a. (3.122) 
From (3.1 10b), we find from H z as 

E 4 ,(p,^,z)= ^(Asin«(/) + B cosn<p)J^(k c p)e-^ z , (3.123) 
kc 

where the notation J' n (k c p) refers to the derivative of J n with respect to its argument. For 
£0 to vanish at p — a, we must have 

J' n {k c a) = 0. (3.124) 

If the roots of J' n (x) are defined as p' nm , so that J' n (p' nm ) — 0, where p' nm is the mthrootof 
J' n , then k c must have the value 

k Cnm = ^f. (3.125) 
Values of p' nm are given in mathematical tables; the first few values are listed in Table 3.3. 



TABLE 3.3 


Values of p' nn 


, for TE Modes of £ 


i Circular Waveguide 


n 


Pnl 


P'nl 


Pn3 


0 


3.832 


7.016 


10.174 


1 


1.841 


5.331 


8.536 


2 


3.054 


6.706 


9.970 
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The TE nm modes are thus defined by the cutoff wave number k Cnm = p' nm la, where n refers 
to the number of circumferential (<f>) variations and m refers to the number of radial (p) 
variations. The propagation constant of the TE nm mode is 

f3 nm = ^2 _ k 2 = j k 2_(^L^\ (3126) 



f Cnm = — ^= = (3-127) 



with a cutoff frequency of 



The first TE mode to propagate is the mode with the smallest p' nm , which from Table 3.3 is 
seen to be the TEn mode. This mode is therefore the dominant circular waveguide mode 
and the one most frequently used. Because m > 1, there is no TEio mode, but there is a 
TEqi mode. 

The transverse field components are, from (3.110) and (3.121), 

= -jo) fin (Acosn< ^ _ B smn<P)J n (k c p)e- iliz , (3.128a) 
k 2 c p 

E<p = — (Asin«0 + Bcosn(/))J^k c p)e- jfiz , (3.128b) 
kc 

Hp = ^^-(A sin n<p + B cos n4>)J' n {k c p)e~ ifiz , (3.128c) 
kc 

# 0 = Z^.(Acosn0- Bsmn(P)J„(k c p)e-j f}z . (3.128d) 
k c p 

The wave impedance is 

E 0 —Ed, nk 

z ™ = ir = - f r = \- (3 - 129) 

Hep Hp p 

In the above solutions there are two remaining arbitrary amplitude constants, A and B. 
These constants control the amplitude of the sin«0 and cos n</> terms, which are indepen- 
dent. That is, because of the azimuthal symmetry of the circular waveguide, both the sin n<p 
and cos «</> terms represent valid solutions, and both may be present in a specific problem. 
The actual amplitudes of these terms will depend on the excitation of the waveguide. From 
a different viewpoint, the coordinate system can be rotated about the z-axis to obtain an h z 
with either A — 0 or B — 0. 

Now consider the dominant TEn mode with an excitation such that B — 0. The fields 
can be written as 

H z = A&in(t>Ji(k c p)e- jflz , (3.130a) 

E p = -^Acos</>Mk c p)e- jflz , (3.130b) 
k cP 

E^ = J -^Asm(PJ[(k c p)e- jfiz , (3.130c) 
kc 

Hp = —^~A sin (p J[(k c p)e~^ z , (3.130d) 
kc 

Ha = ^-Acos(pj l (k c p)e-^ z , (3.130e) 
k 2 c p 

E z = 0. (3.130f) 
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The power flow down the guide can be computed as 

"2tz 



>d(f>dp 



pa pin 

P 0 = -Re / / E x H* ■ zp ( 

2 Jp = oJ<p = o 

= ^Re / f (E p h; - £ 0 H*) p d<j> dp 



I P =QJ<P-- 

a))i\A\ 2 Re(j3) <■« ^ 



2k* 

jra>p:\A\ 2 Re(P) 
2Jd 



pa pin 
Jp=oJ(j>=0 \_P 

f 



cos z <pjf(k c p) + k L c sin z <pj[ 2 (k c p) 



p d(/> dp 



-Jt(k c p) + pk 2 c J[ 2 (k c p) 



dp 



7Tcofi\A\ 2 Re(P) / , 2 



Ak* 



(p? x - l) Jf(k c a), 



(3.131) 



which is seen to be nonzero only when f3 is real, corresponding to a propagating mode. 
(The required integral for this result is given in Appendix C.) 

Attenuation due to dielectric loss is given by (3.29). The attenuation due to a lossy 
waveguide conductor can be found by computing the power loss per unit length of guide: 



Pi 



-W \J s \ 2 ad<l> 

2 J0=O 

(\H^\ 2 +\H z \ 2 )ad<t> 
2 Jd>=Q v ' 



\A\ 2 R S r2n 



2 

_ Tt\A\ 2 R s a 
~ 2 

The attenuation constant is then 



J<p=o \k A c a 2 



cos <j> + sin 0 J J 2 (k c a)a d<p 



(3.132) 



= r s (ky + p 2 ) 

2P„ y]kpa( P ' 2 x - 1) 



akr\P 



k 2 + 



c 1 _/2 _ j 



Np/m. 



(3.133) 



TM Modes 

For the TM modes of the circular waveguide, we must solve for E z from the wave equation 
in cylindrical coordinates: 

/a 2 13 id 2 ,\ 

(^ + p^V^ + ^^ = 0 ' (3 ' 134) 

where E z (p, 4>, z) — e z (p, <j>)e~j^ z , and k 2 — k 2 — (5 2 . Because this equation is identical 
to (3.107), the general solutions are the same. Thus, from (3.121), 

e z (p, </>) = (A sinn0 + B cos n<j))J n (k c p). (3.135) 
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TABLE 3.4 Values of p nm for TM Modes of a Circular Waveguide 



n Pnl Pn2 Pn3 

0 2.405 5.520 8.654 

1 3.832 7.016 10.174 

2 5.135 8.417 11.620 



The difference between the TE solution and the present solution is that the boundary con- 
ditions can now be applied directly to e z of (3.135) since 



Thus, we must have 



or 



E z (p,<j>)=0 atp = a. (3.136) 
J n (k c a)=0, (3.137) 

k c = Pnmla, (3.138) 

where p nm is the mth root of J„(x), that is, J n (p nm ) — 0. Values of p nm are given in 
mathematical tables; the first few values are listed in Table 3.4. 
The propagation constant of the TM„ m mode is 

Pnm = y/k 2 - k 2 = Jk 2 - (p nm /a) 2 , (3.139) 
and the cutoff frequency is 

fc nm = ^= = O.140) 
lit lie Zjta^/fie 

Thus, the first TM mode to propagate is the TMoi mode, with poi — 2.405. Because this is 
greater than p' n — 1.841 for the lowest order TEn mode, the TEn mode is the dominant 
mode of the circular waveguide. As with the TE modes, m > 1, so there is no TMio mode. 
From (3. 1 10), the transverse fields can be derived as 

E p = — (AsmtKp + Bcosn&J^kcp^-j^, (3.141a) 
kc 

= — ^ (A cos ncp- B sin n<j))J n (k c p)e~^ 1 , (3.141b) 
k c p 

H p = J -^-(Acosn<p - B sin n<j>)J n (k c p)e- jPz , (3.141c) 
k c p 

H<p = — —(Asmncj) + B cosn(j))J^k c p)e- j(lz . (3.141d) 
kc 

The wave impedance is 

E D —Ea. nB 

z ™=jfr^=i- (3 - 142) 

Calculation of the attenuation for TM modes is left as a problem. Figure 3.12 shows the 
attenuation due to conductor loss versus frequency for various modes of a circular wave- 
guide. Observe that the attenuation of the TEqi mode decreases to a very small value with 
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FIGURE 3.12 Attenuation of various modes in a circular copper waveguide with a = 2.54 cm. 
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FIGURE 3.13 Cutoff frequencies of the first few TE and TM modes of a circular waveguide 
relative to the cutoff frequency of the dominant TEji mode. 

increasing frequency. This property makes the TEoi mode of interest for low-loss trans- 
mission over long distances. Unfortunately, this mode is not the dominant mode of the 
circular waveguide, so in practice power can be lost from the TEoi mode to lower order 
propagating modes. 

Figure 3.13 shows the relative cutoff frequencies of the TE and TM modes, and Table 
3.5 summarizes results for wave propagation in circular waveguide. Field lines for some of 
the lowest order TE and TM modes are shown in Figure 3. 14. 

EXAMPLE 3.2 CHARACTERISTICS OF A CIRCULAR WAVEGUIDE 

Find the cutoff frequencies of the first two propagating modes of a Teflon-filled 
circular waveguide with a — 0.5 cm. If the interior of the guide is gold plated, 
calculate the overall loss in dB for a 30 cm length operating at 14 GHz. 

Solution 

From Figure 3.13, the first two propagating modes of a circular waveguide are the 
TEn and TMoi modes. The cutoff frequencies can be found using (3.127) and 
(3.140): 

TE U 
TMqi 




p' u c 1.841(3 x 10 8 ) 

fc = — — — = t== = 12-19 GHz, 

2naJT r 27r(0.005)V2T08 

f c = -™^ = 2.405(3 x lO 8 )^ _ 15.92 GHz. 
2naJe~ r 2tt(0.005)V21)8 
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TABLE 3.5 Summary of Results for Circular Waveguide 



Quantity TE„ m Mode TM„ m Mode 

k co^/JZe co^fjle 

kr 



ad 



2 



Pnm Pnm 

a a 

•J k 2 — k 2 Jk 2 -, 

2?r 2n 

kc kc 

2tt 2n 



CO CO 

1 p 

k 2 tan S k 2 tan S 



2$ 28 

E z 0 (Asinncb + Bcosncp)J n (k c p)e~iP z 

H z (Asinncb + B cosncb)J n (k c p)e-iP z 0 

E p J^ n (^ cos „0 _ g sinncp) J n {k c p)e~ ^ z (A sinncp + B cos ncp)j' n {k c p)e~^ z 

k 2 P k c 

Ea, — — (A sinncp + B cosncp) j' n {k c p)e~^ z ^ (Acosncp — B sinncp) J n (k c p)e~^ z 

k c k c p 

— jB , —iRy jC0€n — iHy 

Hp — — (A sin ncp + B cosncp) J n (k c p)e lpz — (A cos ncp — B sinncp) J n (k c p)e Jpz 

k c k 2 p 

Ha, ^ (Acosncp — B sinncp) J n (kcp)e~i p ' z — — (A sinncp + B cosncp)j' n {k c p)e~^ z 

k 2 p k c 

Z Z TE = Z TM = 4^ 

p k 



So only the TEn mode is propagating at 14 GHz. The wave number is 

, _ InfJTr _ 2tt(14 x 10 9 )V^08 _ _ x 
c 3 x 10 8 

and the propagation constant of the TEi i mode is 



The attenuation due to dielectric loss is calculated from (3.29) as 

k 2 tan S (422.9) 2 (0.0004) 

a d = = — = 0.172 Np/m = 1.49 dB/m. 

2/3 2(208.0) F 

The conductivity of gold is a =4.1 x 10 7 S/m, so the surface resistance is 



Rs = » = Q 036? ^ 
2a 
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Then from (3.133) the attenuation due to conductor loss is 



akrjfi 



k c + 



1 



0.0672 Np/m = 0.583 dB/m. 



The total attenuation is a — ad + a c — 2.07 dB/m, and the loss in the 30 cm 
length of guide is 

attenuation (dB) = a(dB/m) x L (m) = (2.07) (0.3) = 0.62 dB. ■ 



3.5 



COAXIAL LINE 



TEM Modes 

Although we have already discussed TEM mode propagation on a coaxial line in Chapter 2, 
we will briefly reconsider it here in the context of the general framework that is being used 
in this chapter. 

The coaxial transmission line geometry is shown in Figure 3.15, where the inner con- 
ductor is at a potential of V a volts and the outer conductor is at zero volts. From Section 3.1 
we know that the fields can be derived from a scalar potential function, <t>(p,(p), which is 
a solution to Laplace's equation (3.14). In cylindrical coordinates Laplace's equation takes 
the form 



~-(p 
pdp\ 



dp 



1 9 2 $(/Q,4>) 
p 2 302 



0. 



This equation must be solved for 0(p, <f>) subject to the boundary conditions 

<b{a,4>) = V a , 
<$>{b,<P) = 0. 



(3.143) 



(3.144a) 
(3.144b) 



By the method of separation of variables, let <t>(p, 4>) be expressed in product form as 

<b<j},4>) = R(j})P{4>)' (3-145) 




FIGURE 3.15 Coaxial line geometry. 
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Substituting (3.145) into (3.143) and dividing by RP gives 

p d ( dR\ 1 d 2 P 

- K yA^) + -pW-^ <3 ' 46) 

By the usual separation-of- variables argument, the two terms in (3.146) must be equal to 
constants, so that 

p d ( dR\ , 

h ('*)--* <3J47 > 

1 d 2 P 



P d(j) 



= -kl (3.148) 



k 2 p +kl=0. (3.149) 

The general solution to (3.148) is 

P(ct>) = Acosncp + Bsmncp, (3.150) 

where k^—n must be an integer since increasing </> by a multiple of lit should not change 
the result. Now, because the boundary conditions of (3.144) do not vary with <f>, the poten- 
tial <&(p, </>) should not vary with </>. Thus, n must be zero. By (3.149), this implies that k p 
must also be zero, so that the equation for R(p) in (3.147) reduces to 

9 / dR\ _ 
dp X dp) 

The solution for R(p) is then 

R(p) = Clnp + D, 

and so 

O>(p,0) = Cln/o + D. (3.151) 

Applying the boundary conditions of (3.144) gives two equations for the constants C 
and D : 

4>(a,0) = V 0 = Clna + D, (3.152a) 
<D(fe,0) =0 = Clnfe + D. (3.152b) 
After solving for C and D, we can write the final solution for 3>(p, (/>) as 

(3.153) 

The £ and H fields can now be found using (3.13) and (3.18), and the voltage, current, and 
characteristic impedance can be determined as in Chapter 2. Attenuation due to dielectric 
or conductor loss has already been treated in Chapter 2. 

Higher Order Modes 

The coaxial line, like the parallel plate waveguide, can also support TE and TM waveguide 
modes in addition to the TEM mode. In practice, these modes are usually cut off (evanes- 
cent), and so have only a reactive effect near discontinuities or sources, where they may 
be excited. It is important in practice, however, to be aware of the cutoff frequency of the 
lowest order waveguide-type modes to avoid the propagation of these modes. Undesirable 
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effects can occur if two or more modes with different propagation constants are propagat- 
ing at the same time. Avoiding propagation of higher order modes sets an upper limit on 
the size of a coaxial cable or, equivalently, an upper limit on the frequency of operation for 
a given cable. This also affects the power handling capacity of a coaxial line (see the Point 
of Interest on power capacity of transmission lines). 

We will derive the solution for the TE modes of the coaxial line; the TEj i mode is the 
dominant waveguide mode of the coaxial line and so is of primary importance. 

For TE modes, E z — 0, and H z satisfies the wave equation of (3.112): 

h z (p,4>)=0, (3.154) 

where H z {p,(f>, z) — h z (p, (p)e~^ z , and k 2 — k 2 — j3 2 . The general solution to this equa- 
tion, as derived in Section 3.4, is given by the product of (3.118) and (3.120): 

h z (p,(j>) = (Asinncp + B cosncp){CJ n (k c p) + DY n (k c p)). (3.155) 

In this case, a < p < b, so we have no reason to discard the Y n term. The boundary condi- 
tions are 

E<j,(p, </>, z) = 0 for p = a, b. (3.156) 
Using (3.1 10b) to find E<p from H z gives 

= J -^- ( A sin«0 + B cos n<t>)[C J '' n {k c p) + DY' n (k c p)]e~ Wz . (3.157) 
kc 

Applying (3.156) to (3.157) gives two equations: 

CJ' n {k c a) + DY' n {k c a) = 0, (3.158a) 

CJ' n (k c b) + DY' n (k c b) = 0. (3.158b) 

Because this is a homogeneous set of equations, the only nontrivial (C solu- 
tion occurs when the determinant is zero. Thus we must have 

j' n {k c a)Y' n {k c b) = j' n (k c b)Y' n {k c a). (3.159) 

This is a characteristic (or eigenvalue) equation for k c . The values of k c that satisfy (3.159) 
then define the TE„ m modes of the coaxial line. 

Equation (3.159) is a transcendental equation, which must be solved numerically for 
k c . Figure 3.16 shows the result of such a solution for n = 1 for various b/a ratios. An 
approximate solution that is often used in practice is 



a + b 




Once k c is known, the propagation constant or cutoff frequency can be determined. 
Solutions for the TM modes can be found in a similar manner; the required determinantal 
equation is the same as (3.159), except for the derivatives. Field lines for the TEM and 
TEn modes of the coaxial line are shown in Figure 3.17. 

EXAMPLE 3.3 HIGHER ORDER MODE OF A COAXIAL LINE 

Consider a RG-401U semirigid coaxial cable, with inner and outer conductor 
diameters of 0.0645 in. and 0.215 in., and a Teflon dielectric with e r = 2.2. What 
is the highest usable frequency before the TEn waveguide mode starts to 
propagate? 
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Solution 
We have 

b 2b 0.215 

- = — = = 3 33 

a 2a 0.0645 

From Figure 3.16 this value of b/a gives k c a — 0.45 [the approximate result is 
k c a = 2/(1 + b/a) = 0.462]. Thus, k c = 549.4 m -1 , and the cutoff frequency of 
the TE\ i mode is 

ck r 

fc = ^-p = 17.7 GHz. 

In practice, a 5% safety margin is usually recommended, so 

/ max = (0.95) (17.7 GHz) = 16.8 GHz. ■ 




FIGURE 3.17 Field lines for the (a) TEM and (b) TEj \ modes of a coaxial line. 
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with an exception being the 75 Q cable used in television systems. The reasoning behind these 
choices is that an air-filled coaxial line has minimum attenuation for a characteristic impedance 
of about 77 £2 (Problem 2.27), while maximum power capacity occurs for a characteristic 
impedance of about 30 Q (Problem 3.28). A 50 Q characteristic impedance thus represents a 
compromise between minimum attenuation and maximum power capacity. Other requirements 
for coaxial connectors include low SWR, higher-order-mode-free operation at a high frequency, 
high repeatability after a connect-disconnect cycle, and mechanical strength. Connectors are 
used in pairs, with a male end and a female end (or plug and jack). The accompanying photo 
shows several types of commonly used coaxial connectors and adapters. From top left: Type-N, 
TNC, SMA, APC-7, and 2.4 mm. 

Type-N: This connector was developed in 1942 and is named after its inventor, P. Neil, of 
Bell Labs. The outer diameter of the female end is about 0.625 in. The recommended upper 
frequency limit ranges from 11 to 18 GHz, depending on cable size. This rugged but large 
connector is often found on older equipment. 

TNC: This is a threaded version of the very common BNC connector. Its use is limited to 
frequencies below 1 GHz. 

SMA: The need for smaller and lighter connectors led to the development of this connector in 
the 1960s. The outer diameter of the female end is about 0.25 in. It can be used up to frequencies 
in the range of 18-25 GHz and is probably the most commonly used microwave connector today. 

APC-7: This is a precision connector (Amphenol Precision Connector) that can repeatedly 
achieve SWR less than 1.04 at frequencies up to 18 GHz. The connectors are "sexless," with butt 
contact between both inner conductors and outer conductors. This connector is most commonly 
used for measurement and instrumentation applications. 
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2.4 mm: The need for connectors at millimeter wave frequencies led to the development of 
several variations of the SMA connector. One of the most common is the 2.4 mm connector, which 
is useful to about 50 GHz. The size of this connector is similar to that of the SMA connector. 



SURFACE WAVES ON A GROUNDED DIELECTRIC SHEET 

We briefly discussed surface waves in Chapter 1 in connection with the field of a plane 
wave totally reflected from a dielectric interface, but surface waves can exist in a variety of 
geometries involving dielectric interfaces. Here we consider the TM and TE surface waves 
that can be excited along a grounded dielectric sheet. Other geometries that can be used as 
surface waveguides include an ungrounded dielectric sheet, a dielectric rod, a corrugated 
conductor, and a dielectric -coated conducting rod. 

Surface waves are typified by a field that decays exponentially away from the dielectric 
surface, with most of the field contained in or near the dielectric. At higher frequencies the field 
generally becomes more tightly bound to the dielectric, making such waveguides practical. 
Because of the presence of the dielectric, the phase velocity of a surface wave is less than the 
velocity of light in a vacuum. Another reason for studying surface waves is that they may be 
excited on some types of planar transmission lines, such as microstrip line and slotline. 



TM Modes 

Figure 3.18 shows the geometry of a grounded dielectric slab waveguide. The dielectric 
sheet, of thickness d and relative permittivity e r , is assumed to be of infinite extent in the y 
and z directions. We will assume propagation in the +z direction with an e~^ z propagation 
factor and no variation in the y direction (d/dy — 0). 

Because there are two distinct regions, with and without a dielectric, we must sepa- 
rately consider the field in these regions and then match tangential fields across the inter- 
face. E z must satisfy the wave equation of (3.25) in each region: 

for0<x<d, (3.160a) 

for d<x<oo, (3.160b) 

where E z (x, y, z) — e z (x, y)e~^ z . 

We define the cutoff wave numbers for the two regions as 

k c — fr^o P ' 
h 2 = p 2 - k 2 , 



dx 2 

( 9 2 



dx 2 



+ e r k' Q - ^je z (x,y) = 0, 
+ kl-p 2 \e z {x,y) =0, 



(3.161a) 
(3.161b) 



X l 




Dielectric 








1 4 





Ground plane 



FIGURE 3.18 Geometry of a grounded dielectric sheet. 
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where the sign on h 2 has been selected in anticipation of an exponentially decaying result 
for x > d. Observe that the same propagation constant, fi, has been used for both regions. 
This must be the case to achieve phase matching of the tangential fields at the x — d inter- 
face for all values of z. 

The general solutions to (3.160) are 

e z (x, y) — Asink c x + B cosk c x, for 0 < x < d (3.162a) 

e z (x,y) = Ce hx + De~ hx , forc/<x<oo (3.162b) 

Note that these solutions are valid for k c and h either real or imaginary; it will turn out that 
both k c and h are real because of the choice of definitions in (3.161). 
The boundary conditions that must be satisfied are 

E z (x,y,z) = 0, atx = 0, (3.163a) 

E z (x, y, z) < oo, asx^oo, (3.163b) 

E z (x, y, z) continuous at x = d, (3.163c) 

H y (x, y, z) continuous at x — d. (3.163d) 

From (3.23), H x = E y = H z = 0. Condition (3. 163a) implies that B = 0 in (3.162a). Con- 
dition (3.163b) is a result of a requirement for finite fields (and energy) infinitely far away 
from a source and implies that C — 0. The continuity of E z leads to 

Asinkcd = De~ hd , (3.164a) 

while (3.23b) must be used to apply continuity to H y , to obtain 

e r A D h j 

— cosM = — <? . (3.164b) 

k c h 

For a nontrivial solution, the determinant of the two equations of (3. 164) must vanish, 
leading to 

k c tank c d — e r h. (3.165) 

Eliminating fi from (3.161a) and (3.161b) gives 

k 2 + h 2 = (e r - l)/t„- (3.166) 

Equations (3.165) and (3.166) constitute a set of simultaneous transcendental equations 
that must be solved for the propagation constants k c and h, given k„ and e r . These equa- 
tions are easily solved numerically, but Figure 3.19 shows a graphical representation of the 
solutions. Multiplying both sides of (3.166) by d 2 gives 

(k c d) 2 + (hd) 2 = (e r - l)(k Q d) 2 , 

which is the equation of a circle in the k c d, hd plane, as shown in Figure 3.19. The radius of 
the circle is *fe r — lkod, which is proportional to the electrical thickness of the dielectric 
sheet. Multiplying (3.165) by d gives 

k c d tank c d — e r hd, 

which is also plotted in Figure 3.19. The intersection of these curves implies a solution to 
both (3.165) and (3.166). Observe that k c may be positive or negative; from (3.162a) this 
is seen to merely change the sign of the constant A. As ^/e r — lkod becomes larger, the 
circle may intersect more than one branch of the tangent function, implying that more than 
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JRE 3.19 Graphical solution of the transcendental equation for the cutoff frequency of a TM 
surface wave mode of the grounded dielectric sheet. 



one TM mode can propagate. Solutions for negative h, however, must be excluded since 
we assumed h was positive real when applying boundary condition (3.163b). 

For any nonzero-thickness sheet with a relative permittivity greater than unity, there is 
at least one propagating TM mode, which we will call the TMo mode. This is the dominant 
mode of the dielectric slab waveguide, and it has a zero cutoff frequency. (Although for 
Icq — 0, k c — h — 0, and all fields vanish.) From Figure 3.19 it can be seen that the next 
TM mode, the TMi mode, will not begin to propagate until the radius of the circle becomes 
greater than n. The cutoff frequency of the TM„ mode can then be derived as 



fc = 



2d*Je r — 1 



n = 0, 1, 2,.. 



(3.167) 



Once k c and h have been found for a particular surface wave mode, the field expres- 
sions can be found as 



E z (x,y,z) = 



E x (x, y, z) 



H y (x, y, z) 




h(x-d) e -jpz 



Acosk c xe ^ z 



-Asinkrde- hix - d) e- jPz 



for 0 < x < d 
for d < x < oo, 

for 0 < x < d 
for d < x < oo, 
for 0 < x < d 
foxd<x < oo. 



(3.168a) 



(3.168b) 



(3.168c) 



TE Modes 

TE modes can also be supported by the grounded dielectric sheet. The H z field satisfies the 
wave equations 

(-^ +k c l \h z (x,y) = 0, fov0<x<d, (3.169a) 
/ 9 2 



dx 2 



-h 2 \h z (x,y) = 0, fort/<x<oo, (3.169b) 



138 Chapter 3: Transmission Lines and Waveguides 

with H z (x, y, z) — h z (x, y)e~^ z and k 2 and h 2 denned in (3.161a) and (3.161b). As for 
the TM modes, the general solutions to (3.169) are 

h z (x,y) — A sink c x + B cos k c x, (3.170a) 
h z (x, y) = Ce hx + De~ hx . (3.170b) 

To satisfy the radiation condition, C — 0. Using (3. 19d) to find E y from H z leads to A — 0 
for E y — 0 at x — 0 and to the equation 

jy 

sink c d = —e~ hd (3.171a) 

k c h 

for continuity of E y at x = d. Continuity of H z at x — d gives 

Bcosk c d = De~ hd . (3.171b) 

Simultaneously solving (3.171a) and (3.171b) leads to the determinantal equation 

-k c cot k c d = h. (3.172) 

From (3.161a) and (3.161b) we also have that 

k 2 + h 2 = (e r - 1)^. (3.173) 

Equations (3.172) and (3.173) must be solved simultaneously for the variables k c and 
h. Equation (3.173) again represents circles in the k c d, hd plane, while (3.172) can be 
rewritten as 

— k c d cot k c d — hd, 

and plotted as a family of curves in the k c d, hd plane, as shown in Figure 3.20. Because 
negative values of h must be excluded, we see from Figure 3.20 that the first TE mode does 
not start to propagate until the radius of the circle, \/e r — Ikod, becomes greater than jt/2. 
The cutoff frequency of the TE„ modes can then be found as 

(2n - l)c 

fc = AJ . forn= 1, 2, 3,.... (3.174) 

Ady/e r - 1 




FIGURE 3.20 Graphical solution of the transcendental equation for the cutoff frequency of a TE 
surface wave mode. The figure depicts a mode below cutoff. 
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Comparing with (3.167) shows that the order of propagation for the TM„ and TE„ modes 
is TM 0 , TEi, TMi, TE 2 , TM 2 , .... 

After finding the constants k c and h, the field expressions can be derived as 



H z (x,y,z) 



H x (x,y,z) = 



B cos k c xe 3p z 
Bcosk c de- h(x - d) e-jP z 



Bsink r xe- j P z 



E y (x, y, z) 



h 



Bcosk r de- h( - x - d) e- jfiz 



Bsinkcxe-ifc 



J -^B cos k c de~ h ^e-^ z 
h 



for 0 < x < d 
for d < x < oo, 

for 0 < x < d 
for d < x < oo, 

for 0 < x < d 
foxd<x < oo. 



(3.175a) 



(3.175b) 



(3.175c) 



EXAMPLE 3.4 SURFACE WAVE PROPAGATION CONSTANTS 

Calculate and plot the propagation constants of the first three propagating surface 
wave modes of a grounded dielectric sheet with e r — 2.55, for d/Xo = 0 to 1.2. 

Solution 

The first three propagating surface wave modes are the TMo, TEi, and TMj 
modes. The cutoff frequencies for these modes can be found from (3.167) and 
(3.174) as 



TM 0 : f c = 0 
TEj: f c = 
TMi: f c = 



Xq 



= 0, 



1 



Ad^/eT^ 
c 



Xq (4V^T) 
d 1 



2ds/e r - 1 Xq (2Ve r - 1) ' 

The propagation constants can be found from the numerical solution of (3.165) 
and (3.166) for the TM modes and (3.172) and (3.173) for the TE modes. This can 
be done with a relatively simple root-finding algorithm (see the Point of Interest 
on root-finding algorithms); the results are shown in Figure 3.21. ■ 



POINT OF INTEREST: Root-Finding Algorithms 

In several examples throughout this book we will need to numerically find the root of a tran- 
scendental equation, so it may be useful to review two relatively simple but effective algorithms 
for doing this. Both methods can be easily programmed. 

In the interval-halving method the root of f (x) — 0 is first bracketed between the values 
x\ and X2- These values can often be estimated from the problem under consideration. If a 
single root lies between x\ and X2, then /(xj) /fe) < 0. An estimate, x^, of the root is made 
by halving the interval between and x 2 . Thus, 



xi +x 2 

x 3 - S 

2 



140 Chapter 3: Transmission Lines and Waveguides 

s[T r 



filko 1-3 




FIGURE 3.21 Surface wave propagation constants for a grounded dielectric slab with e r — 2.55. 



If /(xj) /(X3) < 0, then the root must lie in the interval xy < x < X3; if f(x^)f(x2) < 0, the 
root must be in the interval X3 < x < X2- A new estimate, X4, can be made by halving the 
appropriate interval, and this process is repeated until the location of the root has been deter- 
mined with the desired accuracy. The accompanying figure illustrates this algorithm for several 
iterations. 

The Newton-Raphson method begins with an estimate, x\, of the root of /(x) = 0. Then 
a new estimate, X2, is obtained from the formula 



x 2 = xi 



/'(*!)' 



where f'(xy) is the derivative of f(x) at x\. This result is easily derived from a two-term 
Taylor series expansion of /(x) near x = x\\ f(x) = f{xy) + (x — x\)f'(x\). It can also be 
interpreted geometrically as fitting a straight line at x = x\ with the same slope as f{x) at 
this point; this line then intercepts the x-axis at x = xj, as shown in the figure. Reapplying the 
above formula gives improved estimates of the root. Convergence is generally much faster than 
with the interval-halving method, but a disadvantage is that the derivative of f(x) is required; 
this can often be computed numerically. The Newton-Raphson technique can easily be applied 
to the case where the root is complex (a situation that occurs, for example, when finding the 
propagation constant of a line or guide with loss). 




Reference: R. W. Hornbeck, Numerical Methods, Quantum Publishers, New York, 1975. 
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FIGURE 3.22 Stripline transmission line, (a) Geometry, (b) Electric and magnetic field lines. 



STRIPLINE 

Stripline is a planar type of transmission line that lends itself well to microwave integrated 
circuitry, miniaturization, and photolithographic fabrication. The geometry of stripline is 
shown in Figure 3.22a. A thin conducting strip of width W is centered between two wide 
conducting ground planes of separation b, and the region between the ground planes is 
filled with a dielectric material. In practice stripline is usually constructed by etching the 
center conductor on a grounded dielectric substrate of thickness b/2 and then covering 
with another grounded substrate. Variations of the basic geometry of Figure 3.22a include 
stripline with differing dielectric substrate thicknesses (asymmetric stripline) or different 
dielectric constants (inhomogeneous stripline). Air dielectric is sometimes used when it is 
necessary to minimize loss. An example of a stripline circuit is shown in Figure 3.23. 

Because stripline has two conductors and a homogeneous dielectric, it supports a TEM 
wave, and this is the usual mode of operation. Like parallel plate guide and coaxial line, 
however, stripline can also support higher order waveguide modes. These can usually be 
avoided in practice by restricting both the ground plane spacing and the sidewall width 
to less than Xj/l. Shorting vias between the ground planes are often used to enforce this 
condition relative to the sidewall width. Shorting vias should also be used to eliminate 
higher order modes that can be generated when an asymmetry is introduced between the 
ground planes (e.g., when a surface-mounted coaxial transition is used). 

Intuitively, one can think of stripline as a sort of "flattened-out" coax — both have a 
center conductor completely enclosed by an outer conductor and are uniformly filled with 
a dielectric medium. A sketch of the field lines for stripline is shown in Figure 3.22b. 

The geometry of stripline does not lend itself to the simple analyses that were used 
for previously treated transmission lines and waveguides. Because we will be concerned 
primarily with the TEM mode of stripline, an electrostatic analysis is sufficient to give the 
propagation constant and characteristic impedance. An exact solution of Laplace's equa- 
tion is possible by a conformal mapping approach [6], but the procedure and results are 
cumbersome. Instead, we will present closed-form expressions that give good approxima- 
tions to the exact results and then discuss an approximate numerical technique for solving 
Laplace's equation for a geometry similar to stripline. 

Formulas for Propagation Constant, Characteristic Impedance, 
and Attenuation 

From Section 3.1 we know that the phase velocity of a TEM mode is given by 

v p - 1/VMoeoe/- = c/yfe~ r , (3.176) 
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FIGURE 3.23 Photograph of a stripline circuit assembly (cover removed), showing four quadra- 
ture hybrids, open-circuit tuning stubs, and coaxial transitions. 



and thus the propagation constant of stripline is 

P = — = o)^/fi Q €Q€ r = yfe~ r k 0 . (3.177) 

v P 

In (3.176), c — 3 x 10 8 m/sec is the speed of light in free-space. Using (2.13) and (2.16) 
allows us to write the characteristic impedance of a transmission line as 




(3.178) 



where L and C are the inductance and capacitance per unit length of the line. Thus, we 
can find Zq if we know C. As mentioned previously, Laplace's equation can be solved by 
conformal mapping to find the capacitance per unit length of stripline, but the resulting 
solution involves complicated special functions [6], so for practical computations simple 
formulas have been developed by curve fitting to the exact solution [6, 7]. The resulting 
formula for characteristic impedance is 



30tt b 
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where W e is the effective width of the center conductor given by 

0 



We 

b 



W 

T 



(0.35 - W/bf 



W 

for — > 0.35 
b 

W 

for — < 0.35. 



(3.179b) 



These formulas assume a strip with zero thickness and are quoted as being accurate to 
about 1% of the exact results. It is seen from (3.179) that the characteristic impedance 
decreases as the strip width W increases. 

When designing stripline circuits one usually needs to find the strip width, given the 
characteristic impedance (and height b and relative permittivity e r ), which requires the 
inverse of the formulas in (3.179). Such formulas have been derived as 



W 

~b 



where 



0.85 - V0.6 - x 



30jt 



for V?7Zo < 120 Q 
for V^Zo > 120 £2, 

-0.441. 



(3.180a) 



(3.180b) 



Since stripline is a TEM line, the attenuation due to dielectric loss is of the same form 
as that for other TEM lines and is given in (3.30). The attenuation due to conductor loss 
can be found by the perturbation method or Wheeler's incremental inductance rule. An 
approximate result is 



u c = 



with 



2.7 x lO- 3 R s e r Z 0 
30iT(b - t) 

0.16/?, 

B 



Z 0 b 



for ^Z 0 < 120 Q 
for ^/T r Z Q > 120 Q 



Np/m, 



(3.181) 
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where t is the thickness of the strip 
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EXAMPLE 3.5 STRIPLINE DESIGN 

Find the width for a 50 £2 copper stripline conductor with b = 0.32 cm and 
e r — 2.20. If the dielectric loss tangent is 0.001 and the operating frequency 
is 10 GHz, calculate the attenuation in dBA. Assume a conductor thickness of 
t — 0.01 mm. 



Solution 

Because ^Z 0 = V2T2(50) = 74.2 < 120 and x = 30it/(^/i;Zo) - 0.441 = 
0.830, (3.180) gives the strip width as W = bx = (0.32)(0.830) = 0.266 cm. 
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At 10 GHz, the wave number is 



= 310.6 m" 1 . 

c 

From (3.30) the dielectric attenuation is 

fctanS (310.6)(0.001) 
a d — — - — — - 0.155 Np/m. 

The surface resistance of copper at 10 GHz is R s — 0.026 £2. Then from (3.181) 
the conductor attenuation is 

2.7 x l0- 3 R,e r Z Q A 

a < = on Tu , = °- 122 N P/ m ' 

307t(d — f) 

since A — 4.74. The total attenuation constant is 

a — ad + a c — 0.277 Np/m. 

IndB, 

a(dB) = 20 log = 2.41 dB/m. 
At 10 GHz, the wavelength on the stripline is 

A. = t_ = 2.02 cm, 

so in terms of wavelength the attenuation is 

a(dB) = (2.41)(0.0202) = 0.049 dB/A. ■ 

An Approximate Electrostatic Solution 

Many practical problems in microwave engineering are very complicated and do not lend 
themselves to straightforward analytic solutions but require some sort of numerical 
approach. Thus it is useful for the student to become aware of such techniques; we will 
introduce such methods when appropriate throughout this book, beginning with a numeri- 
cal solution for the characteristic impedance of stripline. 

We know that the fields of the TEM mode on stripline must satisfy Laplace's equation, 
(3.11), in the region between the two parallel plates. The idealized stripline geometry of 
Figure 3.22a extends to ±oo, which makes the analysis more difficult. Because we suspect, 
from the field line drawing of Figure 3.22b, that the field lines do not extend very far away 
from the center conductor, we can simplify the geometry by truncating the plates beyond 
some distance, say \x \ > a/2, and placing metal walls on the sides. Thus, the geometry we 
will analyze is shown in Figure 3.24, where a ^> b, so that the fields around the center 




FIGURE 3.24 Geometry of enclosed stripline. 
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conductor are not perturbed by the sidewalls. We then have a closed finite region in which 
the potential <t>(x, y) satisfies Laplace's equation, 



V f 2 cDO,y) = 0 for \x\ < a/2, 0 < y < b, 



with the boundary conditions 



=0, 
3>(x,y) =0, 



atx = ±a/2, 
at y = 0, fc. 



(3.182) 

(3.183a) 
(3.183b) 



Laplace's equation can be solved by the method of separation of variables. Because 
the center conductor at y = b/2 will contain a surface charge density, the potential 5>(x, y) 
will have a slope discontinuity there because D — — €o€ r V t <t> is discontinuous at y = b/2. 
Therefore, separate solutions for <J>(x, y) must be found for 0 < y < b/2 and b/2 < y < b. 
The general solutions for <t>(x, y) in these two regions can be written as 



<D(x,y) 



nnx nity 
A n cos sinh 

n=\ a a 

odd 



£ #«COS 



njtx 



nit 



n=\ 
odd 



sinh — (b — y) 
a a 



for 0 < y < b/2 



for b/2<y < b. 



(3.184) 



Only the odd-n terms are needed in (3.184) because the solution is an even function of x. 
The reader can verify by substitution that (3.184) satisfies Laplace's equation in the two 
regions and satisfies the boundary conditions of (3.183). 

The potential must be continuous at y = b/2, which from (3.184) leads to 



B n . 



(3.185) 



The remaining set of unknown coefficients, A„, can be found by solving for the charge 
density on the center strip. Because E y — — 3$/3y, we have 



£ A n (™) 
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odd 



nnx njty 

cos cosh 
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°° /njr\ njtx rnt 
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forO < y < b/2 
for b/2 < y < b. 



(3.186) 



The surface charge density on the strip at y = b/2 is 

p s = D y (x, y = b/2+) - D y (x, y = b/2~) 



= € Q € r [E y (x, y = b/2+) - E y (x, y = b/2~)] 

oo 

E/ri7t\ mzx 
A„ — I cos cosh 
V a / a 



n=\ 
odd 



nub 
~2a~' 



(3.187) 



which is seen to be a Fourier series in x for the surface charge density, p s , on the strip at 
y = b/2. If we know the surface charge density we could easily find the unknown con- 
stants, A„, and then the capacitance. We do not know the exact surface charge density, but 
we can make a good guess by approximating it as a constant over the width of the strip, 



Ps(x) - 



for \x\ < W/2 
for \x\ > W/2. 



(3.188) 
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Equating this to (3.187) and using the orthogonality properties of the cos(njtx/a) functions 
gives the constants A n as 

2a sin(«7r W/2a) 

A n = = . (3.189) 

(tiTc) z eoe r cosh(njtb/2a) 

The voltage of the strip conductor relative to the bottom conductor can be found by inte- 
grating the vertical electric field from y = 0 to b/2. Because the solution is approximate, 
this voltage is not constant over the width of the strip but varies with position, x. Rather 
than choosing the voltage at an arbitrary position, we can obtain an improved result by 
averaging the voltage over the width of the strip: 

1 7 2 [ h l 2 ^ / 2a \ nitW nnb 

Vavg =w J I E > ix > y)dydx = ^ A \n^w) sm ^- sinh ^- (3 - 190) 

~ W I 2 odd 

The total charge per unit length on the center conductor is 

-W/2 

p s {x)dx = W Coul/m, (3.191) 

W/2 



-L 



so the capacitance per unit length of the stripline is 

Q w 



Vave ^ . ( 2a \ . nitW . , nnb 

) A n \ sin sinh 

„ti \nnWj 2a 2a 

odd 

Finally, the characteristic impedance is given by 

T _ -Jlc i _ jr r 



F/m. (3.192) 



Z 0 - 

C C v p C cC 




where c — 3 x 10 m/sec. 



EXAMPLE 3.6 NUMERICAL CALCULATION OF STRIPLINE IMPEDANCE 

Evaluate the above expressions for a stripline having e r — 2.55 and a — 100b to 
find the characteristic impedance for W/b — 0.25 to 5.0. Compare with the results 
from (3.179). 

Solution 

A computer program was written to evaluate (3.192). The series was truncated 
after 500 terms, and the results for Zq are as follows. 
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Formula, 
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We see that the results are in reasonable agreement with the closed-form equa- 
tions of (3.179) and the results from a commercial CAD package, particularly for 
wider strips where the charge density is closer to uniform. Better results could be 
obtained if more sophisticated estimates were used for the charge density. ■ 



MICROSTRIP LINE 

Microstrip line is one of the most popular types of planar transmission lines primarily 
because it can be fabricated by photolithographic processes and is easily miniaturized and 
integrated with both passive and active microwave devices. The geometry of a microstrip 
line is shown in Figure 3.25a. A conductor of width W is printed on a thin, grounded 
dielectric substrate of thickness d and relative permittivity e r ; a sketch of the field lines is 
shown in Figure 3.25b. 

If the dielectric substrate were not present (e r — 1), we would have a two-wire line 
consisting of a flat strip conductor over a ground plane, embedded in a homogeneous 
medium (air). This would constitute a simple TEM transmission line with phase veloc- 
ity v p — c and propagation constant fi — Icq. 

The presence of the dielectric, particularly the fact that the dielectric does not fill the 
region above the strip (y > d), complicates the behavior and analysis of microstrip line. 
Unlike stripline, where all the fields are contained within a homogeneous dielectric region, 
microstrip has some (usually most) of its field lines in the dielectric region between the strip 
conductor and the ground plane and some fraction in the air region above the substrate. For 
this reason microstrip line cannot support a pure TEM wave since the phase velocity of 
TEM fields in the dielectric region would be cl*fe^, while the phase velocity of TEM fields 
in the air region would be c, so a phase-matching condition at the dielectric-air interface 
would be impossible to enforce. 

In actuality, the exact fields of a microstrip line constitute a hybrid TM-TE wave and 
require more advanced analysis techniques than we are prepared to deal with here. In most 
practical applications, however, the dielectric substrate is electrically very thin (d <C X), 
and so the fields are quasi-TEM. In other words, the fields are essentially the same as those 
of the static (DC) case. Thus, good approximations for the phase velocity, propagation con- 
stant, and characteristic impedance can be obtained from static, or quasi-static, solutions. 
Then the phase velocity and propagation constant can be expressed as 




(a) (b) 
FIGURE 3.25 Microstrip transmission line, (a) Geometry, (b) Electric and magnetic field lines. 
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where e e is the effective dielectric constant of the microstrip line. Because some of the 
field lines are in the dielectric region and some are in air, the effective dielectric constant 
satisfies the relation 

1 < € e < € r 

and depends on the substrate dielectric constant, the substrate thickness, the conductor 
width, and the frequency. 

We will present approximate design formulas for the effective dielectric constant, charac- 
teristic impedance, and attenuation of microstrip line; these results are curve-fit approximations 
to rigorous quasi-static solutions [8, 9]. Then we will discuss additional aspects of microstrip 
lines, including frequency-dependent effects, higher order modes, and parasitic effects. 



Formulas for Effective Dielectric Constant, Characteristic 
Impedance, and Attenuation 

The effective dielectric constant of a microstrip line is given approximately by 

€ r + 1 € r - 1 1 

e e = — h 



2 VI + 12d/W' 



(3.195) 



The effective dielectric constant can be interpreted as the dielectric constant of a homo- 
geneous medium that equivalently replaces the air and dielectric regions of the microstrip 
line, as shown in Figure 3.26. The phase velocity and propagation constant are then given 
by (3.193) and (3.194). 

Given the dimensions of the microstrip line, the characteristic impedance can be cal- 
culated as 



Zn = 



60 



Sd W 
W + 4d 



1207T 



^/e~ e [W/d + 1.393 + 0.667 In (W/d+ 1.444)] 



for W/d < 1 



for W/d > 1. 



(3.196) 



For a given characteristic impedance Zq and dielectric constant e r , the W/d ratio can be 
found as 
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~d 



8e' 



2A 



-2 



B - 1 - ln(25 - 1) + 



2e r 



ln(B - 1) + 0.39 



0.61 



for W/d < 2 

for W/d > 2, 
(3.197) 
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(a) (b) 



FIGURE 3.26 Equivalent geometry of a quasi-TEM microstrip line, (a) Original geometry. 

(b) Equivalent geometry, where the dielectric substrate of relative permittivity e r 
is replaced with a homogeneous medium of effective relative permittivity e e . 
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where 
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60 V 2 e, + 
377tt 



1 / 0.11 

- 0.23 + 
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2Zo*Je/ 



Considering a microstrip line as a quasi-TEM line, we can determine the attenuation 
due to dielectric loss as 

k Q e r (e e - l)tan<5 

«rf = . 7— Np/m, (3.198) 

2^(e r - 1) 

where tan 8 is the loss tangent of the dielectric. This result is derived from (3.30) by multi- 
plying by a "filling factor," 

e r (e e - 1) 

€e(e r - 1)' 

which accounts for the fact that the fields around the microstrip line are partly in air (loss- 
less) and partly in the dielectric (lossy). The attenuation due to conductor loss is given 
approximately by [8] 

a c = -^-Np/m, (3.199) 
Z 0 W 




where R s = ■ s /a>fj,o/2cj is the surface resistivity of the conductor. For most microstrip sub- 
strates, conductor loss is more significant than dielectric loss; exceptions may occur, how- 
ever, with some semiconductor substrates. 



EXAMPLE 3.7 MICROSTRIP LINE DESIGN 

Design a microstrip line on a 0.5 mm alumina substrate (e r — 9.9, tan S — 0.001) 
for a 50 Q characteristic impedance. Find the length of this line required 
to produce a phase delay of 270° at 10 GHz, and compute the total loss on this 
line, assuming copper conductors. Compare the results obtained from the approx- 
imate formulas of (3. 195)— (3. 199) with those from a microwave CAD package. 

Solution 

First find W/d for Z 0 = 50 £2, and initially guess that W/d < 2. From (3.197), 

A — 2.142, Wld = 0.9654. 

So the condition that W/d < 2 is satisfied; otherwise we would use the expression 
for W/d > 2. Then the required line width is W — 0.9654a! = 0.483 mm. From 
(3.195) the effective dielectric constant is e e — 6.665. The line length, £, for a 
270° phase shift is found as 

0 = 270° = Bl = ^k 0 i, 

k 0 = ^ = 209.4 m" 1 , 

c 

„ 270°(tt/180°) n „ 

1 = — - 8.72 mm. 
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Attenuation due to dielectric loss is found from (3.198) as u c \ — 0.255 Np/m = 
0.022 dB/cm. The surface resistivity for copper at 10 GHz is 0.026 £2, and the 
attenuation due to conductor loss is, from (3.199), a c — 0.0108 Np/cm = 0.094 
dB/cm. The total loss on the line is then 0.101 dB. 

A commercial microwave CAD package gives the following results: W — 
0.478 mm, e e = 6.83, 1 = 8.61 mm, a d = 0.022 dB/cm, and a c = 0.054 dB/cm. 
The approximate formulas give results that are within a few percent of the CAD 
data for linewidth, effective dielectric constant, line length, and dielectric attenu- 
ation. The greatest discrepancy occurs for the attenuation constant for conductor 
loss. ■ 



Frequency-Dependent Effects and Higher Order Modes 

The results for the parameters of microstrip line presented in the previous section were 
based on the quasi-static approximation and are strictly valid only at DC (or very low 
frequencies). At higher frequencies a number of effects can occur that lead to variations 
from the quasi-static results for effective dielectric constant, characteristic impedance, and 
attenuation of microstrip line. In addition, new effects can arise, such as higher order modes 
and parasitic reactances. 

Because microstrip line is not a true TEM line, its propagation constant is not a linear 
function of frequency, meaning that the effective dielectric constant varies with frequency. 
The electromagnetic field that exists on microstrip line involves a hybrid coupling of TM 
and TE modes, complicated by the boundary condition imposed by the air and dielectric 
substrate interface. In addition, the current on the strip conductor is not uniform across 
the width of the strip, and this distribution varies with frequency. The thickness of the strip 
conductor also has an effect on the current distribution and hence affects the line parameters 
(especially the conductor loss). 

The variation with frequency of the parameters of a transmission line is important for 
several reasons. First, if the variation is significant it becomes important to know and use 
the parameters at the particular frequency of interest to avoid errors in design or analysis. 
Typically, for microstrip line, the frequency variation of the effective dielectric constant is 
more significant than the variation of characteristic impedance, both in terms of relative 
change and the relative effect on performance. A change in the effective dielectric con- 
stant may have a substantial effect on the phase delay through a long section of line, while 
a small change in characteristic impedance has the primary effect of introducing a small 
impedance mismatch. Second, a variation in line parameters with frequency means that 
different frequency components of a broadband signal will propagate differently. A varia- 
tion in phase velocity, for example, means that different frequency components will arrive 
at the output of the line at different times, leading to signal dispersion and distortion of 
the input signal. Third, because of the complexity of modeling these effects, approximate 
formulas are generally useful only for a limited range of frequency and line parameters, 
and numerical computer models are usually more accurate and useful. 

There are a number of approximate formulas, developed from numerical computer 
solutions and/or experimental data, that have been suggested for predicting the frequency 
variation of microstrip line parameters [8, 9]. A popular frequency-dependent model for 
the effective dielectric constant has a form similar to the following formula [8]: 

e r - e e (0) 

^f) = e r - Y ^ y (3.200) 

where e e {f) represents the frequency-dependent effective dielectric constant, € r is the rel- 
ative permittivity of the substrate, and e e (0) is the effective dielectric constant of the line at 
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DC, as given by (3.195). The function G(f) can take various forms, but one suggested in 
reference [8] is that G(f) = g(f/f p ) 2 , with g = 0.6 + 0.009 Z 0 and f p = Z 0 mjtd (Z 0 is 
in ohms, / is in GHz, and d is in cm). It can be seen from the form of (3.200) that e e (f) 
reduces to the DC value e e (0) when f — 0 and increases toward e r as frequency increases. 

Approximate formulas like the above were primarily developed in the years before 
computer-aided design tools for RF and microwave engineering became commonly avail- 
able (see the Point of Interest on computer-aided design in Chapter 4). Such tools usually 
give accurate results for a wide range of line parameters and today are usually preferred 
over closed-form approximations. 

Another potential difficulty with microstrip line is that it may support several types of 
higher order modes, particularly at higher frequencies. Some of these are directly related 
to the TM and TE surface waves modes that were discussed in Section 3.6, while others 
are related to waveguide-type modes in the cross section of the line. 

The TMo surface wave mode for a grounded dielectric substrate has a zero cutoff 
frequency, as we know from (3.167). Because some of the field lines of this mode are 
aligned with the field lines of the quasi-TEM mode of a microstrip line, it is possible for 
coupling to occur from the desired microstrip mode to a surface wave, leading to excess 
power loss and possibly undesired coupling to adjacent microstrip elements. Because the 
fields of the TMo surface wave are zero at DC, there is little coupling to the quasi-TEM 
microstrip mode until a critical frequency is reached. Studies have shown that this threshold 
frequency is greater than zero and less than the cutoff frequency of theTMi surface wave 
mode. A commonly used approximation is [8] 



(3.201) 



For e r ranging from 1 to 10, (3.201) gives a frequency that is 35% to 66% of f c \, the cutoff 
frequency of the TMi surface wave mode. 

When a microstrip circuit has transverse discontinuities (such as bends, junctions, or 
even step changes in width), the transverse currents on the conductors that are generated 
may allow coupling to TE surface wave modes. Most practical microstrip circuits involve 
such discontinuities, so this type of coupling is often important. The minimum threshold 
frequency where such coupling becomes important is given by the cutoff of the TEi surface 
wave, from (3.174): 

fT2- ~ C r = ■ (3.202) 

For wide microstrip lines, it is possible to excite a transverse resonance along the x axis 
of the microstrip line below the strip in the dielectric region because the sides below the 
strip conductor appear approximately as magnetic walls. This condition occurs when the 
width is about A/2 in the dielectric, but because of field fringing the effective width of the 
strip is somewhat larger than the physical width. A rough approximation for the effective 
width is W + d/2, so the approximate threshold frequency for transverse resonance is 

~ rnw^jv (3 ' 203) 
Ve7(2W +d) 




It is rare that a microstrip line is wide enough to approach this limit in practice. 

Finally, a parallel plate-type waveguide mode may propagate when the vertical spac- 
ing between the strip conductor and ground plane approaches X/2 in the dielectric. Thus, an 
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approximation for the threshold frequency for this mode (valid for wide microstrip lines) 
can be given as 

St A - ^7^. (3.204) 

Thinner microstrip lines will have more fringing field that effectively lengthens the path 
between the strip and ground plane, thus reducing the threshold frequency by as much as 
50%. 

The net effect of the threshold frequencies given in (3.201)-(3.204) is to impose an 
upper frequency limit of operation for a given microstrip geometry. This limit is a function 
of the substrate thickness, dielectric constant, and strip width. 



EXAMPLE 3.8 FREQUENCY DEPENDENCE OF EFFECTIVE 
DIELECTRIC CONSTANT 

Use the approximate formula of (3.200) to plot the change in effective dielectric 
constant over frequency for a 25 Q. microstrip line on a substrate having a rela- 
tive permittivity of 10.0 and a thickness of 0.65 mm. Compare the approximate 
data with results from a CAD model for frequencies up to 20 GHz. Compare the 
calculated phase delay at 10 GHz through a 1.093 cm length of line when using 
e e (0) versus e e (10GHz). 

Solution 

The required linewidth for a 25 Q. impedance is w — 2.00 mm. The effective 
dielectric constant for this line at low frequencies can be found from (3.195) to 
be e e (Q) = 7.53. A short computer program was used to calculate the effective 
dielectric constant as a function of frequency using (3.200), and the result is 
shown in Figure 3.27. Comparison with a commercial microwave CAD package 
shows that the approximate model is reasonably accurate up to about 10 GHz but 
gives an overestimate at higher frequencies. 
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FIGURE 3.27 Effective dielectric constant versus frequency for the microstrip line of Example 
3.8, comparing the approximate model of (3.200) with data from a computer-aided 
design package. 
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Using an effective dielectric constant of e e (0) = 7.53, we find the phase 
delay through a 1.093 cm length of line to be 0o = V e « (O)fco^ = 360°. The 
effective dielectric constant at 10 GHz is 8.120 (CAD), with a corresponding 
phase delay of (p [Q = Ve e (10 GHz)fc 0 -6 = 374°— an error of about 14°. ■ 

THE TRANSVERSE RESONANCE TECHNIQUE 

According to the general solutions of Maxwell's equations for TE or TM waves given in 
Section 3.1, a uniform waveguide structure always has a propagation constant of the form 

0 = ^k 2 - k 2 = ^k 2 -k 2 - k 2 , (3.205) 



where k c — ^Jk 2 + k 2 is the cutoff wave number of the guide and, for a given mode, is a 
fixed function of the cross-sectional geometry of the guide. Thus, if we know k c we can 
determine the propagation constant of the guide. In previous sections we determined k c 
by solving the wave equation in the guide, subject to the appropriate boundary conditions. 
Although this technique is very powerful and general, it can be complicated for complex 
waveguides, especially if dielectric layers are present. In addition, the wave equation solu- 
tion gives a complete field description inside the waveguide, which is often more informa- 
tion than we really need if we are only interested in the propagation constant of the guide. 
The transverse resonance technique employs a transmission line model of the transverse 
cross section of the waveguide and gives a much simpler and more direct solution for the 
cutoff frequency. This is another example where circuit and transmission line theory offers 
a simplified alternative to a field theory solution. 

The transverse resonance procedure is based on the fact that in a waveguide at cutoff, 
the fields form standing waves in the transverse plane of the guide, as can be inferred from 
the "bouncing plane wave" interpretation of waveguide modes discussed in Section 3.2. 
This situation can be modeled with an equivalent transmission line circuit operating at 
resonance. One of the conditions of such a resonant line is the fact that, at any point on the 
line, the sum of the input impedances seen looking to either side must be zero. That is, 

Z[ n (x) + zf n (x) = 0 for all x, (3.206) 

where Z[ n (x) and Zf a (x) are the input impedances seen looking to the right and left, 
respectively, at any point x on the resonant line. 

The transverse resonance technique only gives results for the cutoff frequency of the 
guide. If fields or attenuation due to conductor loss are needed, the complete field theory 
solution will be required. The procedure will now be illustrated with an example. 

TE 0 „ Modes of a Partially Loaded Rectangular Waveguide 

The transverse resonance technique is particularly useful when the guide contains dielec- 
tric layers because the boundary conditions at the dielectric interfaces, which require the 
solution of simultaneous algebraic equations in the field theory approach, can be easily 
handled as junctions of different transmission lines. As an example, consider a rectangu- 
lar waveguide partially filled with dielectric, as shown in Figure 3.28. To find the cutoff 
frequencies for the TEo n modes, the equivalent transverse resonance circuit shown in the 
figure can be used. The line for 0 < y < t represents the dielectric-filled part of the guide 
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JRE 3.28 A rectangular waveguide partially filled with dielectric and the transverse reso- 
nance equivalent circuit. 



and has a transverse propagation constant k y d and a characteristic impedance for TE modes 
given by 



<yd 



(3.207a) 



where k$ — co^/Jlq€q and rjQ = V/W^o- F° r t < y < b, the guide is air filled and has a 
transverse propagation constant k ya and an equivalent characteristic impedance given by 



Mo 



MY/ 



Applying condition (3.206) yields 

k ya tan k yd t + k yd tan k ya (b - t) — 0. 



(3.207b) 



(3.208) 



This equation contains two unknowns, k ya and k yd - An additional equation is obtained from 
the fact that the longitudinal propagation constant, /3, must be the same in both regions for 
phase matching of the tangential fields at the dielectric interface. Thus, with k x — 0, 



€ r kq 



k 2 ~ 

K yd — 



k 2 - k 2 



or 



e k 2 -k 2 -k 2 
e '- /c 0 K yd — K 0 



-ya- 



(3.209) 



Equations (3.208) and (3.209) can be solved (numerically or graphically) to obtain k yc i 
and k ya . There will be an infinite number of solutions, corresponding to the n dependence 
(number of variations in y) of the TEq„ mode. 



WAVE VELOCITIES AND DISPERSION 

We have so far encountered two types of velocities related to the propagation of electro- 
magnetic waves: 

• The speed of light in a medium (1 / .JjZe ) 

• The phase velocity (v p — co//3) 

The speed of light in a medium is the velocity at which a plane wave would propagate in 
that medium, while the phase velocity is the speed at which a constant phase point travels. 
For a TEM plane wave, these two velocities are identical, but for other types of guided 
wave propagation the phase velocity may be greater or less than the speed of light. 
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If the phase velocity and attenuation of a line or guide are constants that do not change 
with frequency, then the phase of a signal that contains more than one frequency component 
will not be distorted. If the phase velocity is different for different frequencies, then the 
individual frequency components will not maintain their original phase relationships as 
they propagate down the transmission line or waveguide, and signal distortion will occur. 
Such an effect is called dispersion since different phase velocities allow the "faster" waves 
to lead in phase relative to the "slower" waves, and the original phase relationships will 
gradually be dispersed as the signal propagates down the line. In such a case, there is 
no single phase velocity that can be attributed to the signal as a whole. However, if the 
bandwidth of the signal is relatively small or if the dispersion is not too severe, a group 
velocity can be defined in a meaningful way. This velocity can be used to describe the 
speed at which the signal propagates. 



Group Velocity 

As discussed earlier, the physical interpretation of group velocity is the velocity at which a 
narrowband signal propagates. We will derive the relation of group velocity to the propa- 
gation constant by considering a signal /(f) in the time domain. The Fourier transform of 
this signal is defined as 

/oo 
f(t)e- jm, dt, (3.210a) 
-oo 

and the inverse transform is 

i r°° 

fit) = — / F(a>)e jmt d(a. (3.210b) 

Now consider the transmission line or waveguide on which the signal /(/) is propa- 
gating as a linear system, with a transfer function Z(<y) that relates the output, F 0 (co), of 
the line to the input, F (&>), of the line, as shown in Figure 3.29. Thus, 

F 0 {(o) = Z{co)F{(o). (3.211) 

For a lossless matched transmission line or waveguide, the transfer function Z(co) can be 
expressed as 

Z(co) = Ae- jfiz = \Z(o))\e- jir , (3.212) 

where A is a constant and fi is the propagation constant of the line or guide. 

The time domain representation of the output signal, f 0 (t), can then be written as 

1 f°° 

fo(t) = / F(co)\Z(co)\eJ^-^dco. (3.213) 
2:r J-oc 





Z(a>) 




*- 


*- 



F a (co) = Z(a,)F(a>) 

FIGURE 3.29 A transmission line or waveguide represented as a linear system with transfer 
function Z(w). 
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If | Zfco)\ = A is a constant and the phase \f/ of Z(co) is a linear function of to, say i/r = aw, 
the output can be expressed as 

i r 00 

f„(t) = — / AF{co)e ](o(t - a) dco = Af(t - a), (3.214) 

which is seen to be a replica of fit), except for an amplitude factorA and time shift a. Thus, 
a transfer function of the form Zfco) = Ae~ }eoa does not distort the input signal. A lossless 
TEM wave has a propagation constant B — cole, which is of this form, so a TEM line is 
dispersionless and does not lead to signal distortion. If the TEM line is lossy, however, the 
attenuation may be a function of frequency, which could lead to signal distortion. 
Now consider a narrowband input signal of the form 

s(t) = /(0 cos wo* =Re|/(0e M ' , J , (3.215) 

which represents an amplitude-modulated carrier wave of frequency co 0 . Assume that the 
highest frequency component of /(f) is co m , where co m <3C to 0 . The Fourier transform, S (co), 
of s(t), is 



S(w) 



/oo 
f(t)e- jQ) °'e ja "dt - F(co - co 0 ), (3.216) 
-oo 



where we have used the complex form of the input signal as expressed in (3.215). We will 
need to take the real part of the output inverse transform to obtain the time domain output 
signal. The spectra of F(co) and S(co) are depicted in Figure 3.30. 
The output signal spectrum is 

S 0 (co) = AF(co - co 0 )e- jPz , (3.217) 

and in the time domain, 

1 f°° 
s 0 (t) = —Re / S„(co)e ja)t dco 



2?r J a 



oo 

(Oo+lOm 

AFfco - oo 0 )e j{cot - pz) dco. 

(o 0 —(o m 



(3.218) 



In general, the propagation constant /S may be a complicated function of co. However, 
if Ffco) is narrowband fco m <C co 0 ), then fi can often be linearized by using a Taylor series 
expansion about co„: 



dB 

Bfco) = B(co 0 ) + -f 
dco 



(co-co„)+ -— ^ 
a>=a> 0 2dm 



fco-oo„) 2 + ---. (3.219) 
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FIGURE 3.30 Fourier spectra of the signals (a) /(f) and (b) sft). 
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Retaining the first two terms gives 

p(co)~p 0 + p' 0 (co-co 0 ), (3.220) 

where 

Po = P(C0 0 ), 

m =a,„ 

After a change of variables to y — co — co 0 , the expression for s a (t) becomes 
s 0 (t) = — Re p(«M-A*) J F(y)e j(t -fo^y dyj 

= ARej/(f-^z)^' ((Uof - fe) } 

= Af(t - p' 0 z) cos(co 0 t - p oZ ), (3.221) 

which is a time-shifted replica of the original modulation envelope, fit), of (3.215). The 
velocity of this envelope is the group velocity, v„: 




8 P' 0 \deoJ 



(3.222) 



EXAMPLE 3.9 WAVEGUIDE WAVE VELOCITIES 



Calculate the group velocity for a waveguide mode propagating in an air-filled 
guide. Compare this velocity to the phase velocity and speed of light. 

Solution 

The propagation constant for a mode in an air-filled waveguide is 

p = A 2 - k2 c = y w c ) 2 - ki 

Taking the derivative with respect to frequency gives 

dp co/c 2 k a 

dco ~ j( M /c) 2 - k 2 c ~ cp ' 

so from (3.234) the group velocity is 



fdpy 1 



c_P 
ko 



The phase velocity is v p = mip — ck^ip. Since P < ko, we have that v g < 
c < v p , which indicates that the phase velocity of a waveguide mode may be 
greater than the speed of light, but the group velocity (the velocity of a narrow- 
band signal) will be less than the speed of light. ■ 



SUMMARY OF TRANSMISSION LINES AND WAVEGUIDES 

We have discussed a variety of transmission lines and waveguides in this chapter, and here 
we will summarize some of the basic properties of these transmission media and their 
relative advantages in a broader context. 



158 Chapter 3: Transmission Lines and Waveguides 



TABLE 3.6 Comparison of Common Transmission Lines and Waveguides 



Characteristic 


Coax 


Waveguide 


Stripline 


Microstrip 


Modes: Preferred 


TEM 


TEio 


TEM 


Quasi-TEM 


Other 


TM,TE 


TM,TE 


TM,TE 


Hybrid TM,TE 


Dispersion 


None 


Medium 


None 


Low 


Bandwidth 


High 


Low 


High 


High 


Loss 


Medium 


Low 


High 


High 


Power capacity 


Medium 


High 


Low 


Low 


Physical size 


Large 


Large 


Medium 


Small 


Ease of fabrication 


Medium 


Medium 


Easy 


Easy 


Integration with 


Hard 


Hard 


Fair 


Easy 



We made a distinction between TEM, TM, and TE waves and saw that transmission 
lines and waveguides can be categorized according to which type of waves they can sup- 
port. We saw that TEM waves are nondispersive, with no cutoff frequency, while TM and 
TE waves exhibit dispersion and generally have nonzero cutoff frequencies. Other electri- 
cal considerations include bandwidth, attenuation, and power-handling capacity. Mechan- 
ical factors are also very important, however, and include such considerations as physical 
size (volume and weight), ease of fabrication (cost), and the ability to be integrated with 
other devices (active or passive). Table 3.6 compares several types of transmission media 
with regard to these considerations; this table only gives general guidelines, as specific 
cases may give better or worse results than those indicated. 

Other Types of Lines and Guides 

Although we have discussed the most common types of waveguides and transmission lines, 
there are many other guides and lines (and many variations) that we are not able to present 
in detail. A few of the more popular types are briefly mentioned here. 

Ridge waveguide: The practical bandwidth of rectangular waveguide is slightly less than 
an octave (a 2:1 frequency range). This is because the TE20 mode begins to propagate at 
a frequency equal to twice the cutoff frequency of the TEio mode. The ridge waveguide, 
shown in Figure 3.31, consists of a rectangular waveguide loaded with conducting ridges 
on the top and/or bottom walls. This loading tends to lower the cutoff frequency of the 
dominant mode, leading to increased bandwidth and better (more constant) impedance 
characteristics. Ridge waveguides are often used for impedance matching purposes, where 




FIGURE 3.31 Cross section of a ridge waveguide. 
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FIGURE 3.32 Dielectric waveguide geometry. 



the ridge may be tapered along the length of the guide. The presence of the ridge, however, 
reduces the power-handling capacity of the waveguide. 

Dielectric waveguide: As we have seen from our study of surface waves, metallic con- 
ductors are not necessary to confine and support a propagating electromagnetic field. The 
dielectric waveguide shown in Figure 3.32 is another example of such a guide, where e r 2, 
the dielectric constant of the ridge, is usually greater than e r i, the dielectric constant of 
the substrate. The fields are thus mostly confined to the ridge and the surrounding area. 
This type of guide supports TM and TE modes, and is convenient for miniaturization and 
integration with active devices. Its small size makes it useful for millimeter wave to optical 
frequencies, although it can be very lossy at bends or junctions in the ridge line. Many 
variations in this basic geometry are possible. 

Slotline: Slotline is another one of the many possible types of planar transmission lines. 
The geometry of a slotline is shown in Figure 3.33. It consists of a thin slot in the ground 
plane on one side of a dielectric substrate. Thus, like microstrip line, the two conductors of 
slotline lead to a quasi-TEM type of mode. The width of the slot controls the characteristic 
impedance of the line. 

Coplanar waveguide: The coplanar waveguide, shown in Figure 3.34, is similar to the slot- 
line, and can be viewed as a slotline with a third conductor centered in the slot region. 
Because of the presence of this additional conductor, this type of line can support even 
or odd quasi-TEM modes, depending on whether the electric fields in the two slots are in 
the opposite direction or the same direction. Coplanar waveguides are particularly useful 
for fabricating active circuitry due to the presence of the center conductor and the close 
proximity of the ground planes. 

Covered microstrip: Many variations of the basic microstrip line geometry are possible, 
but one of the more common is the covered microstrip, shown in Figure 3.35. The metallic 
cover plate is often used for electrical shielding and physical protection of the microstrip 
circuitry and is usually situated several substrate thicknesses away from the circuit. Its 
presence, however, can perturb the operation of the circuit enough so that its effect must 
be taken into account during design. 




FIGURE 3.33 Geometry of a printed slotline. 
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FIGURE 3.34 Coplanar waveguide geometry. 




POINT OF INTEREST: Power Capacity of Transmission Lines 

The power-handling capacity of an air-filled transmission line or waveguide is usually limited 
by voltage breakdown, which occurs at a field strength of about — 3 x 10 6 V/m for room 
temperature air at sea level pressure. Thermal effects may also serve to limit the power capacity 
of some types of lines. 

In an air-filled coaxial line the electric field varies as E p = V 0 /(p \nb/a), which has a 
maximum at p — a (at the inner conductor). Thus the maximum voltage before breakdown is 

b 

Vmax = Eja In - (peak-to-peak), 

a 



and the maximum power capacity is then 



V 2 Tta 2 E 2 , 
*max _ d 

2Z 0 t)Q 



ln- 



As might be expected, this result shows that power capacity can be increased by using a larger 
coaxial cable (larger a, b with fixed bla for the same characteristic impedance). However, prop- 
agation of higher order modes limits the maximum operating frequency for a given cable size. 
Thus, there is an upper limit on the power capacity of a coaxial line for a given maximum 
operating frequency, / max , which can be shown to be given by 

P max = °^^ 2 = 5.8x10"'*' 



TO V /max / \ /m 

As an example, at 10 GHz the maximum peak power capacity of any coaxial line with no higher 
order modes is about 520 kW. 

In an air-filled rectangular waveguide the electric field varies as E y = E 0 sin(7rx/a), which 
has a maximum value of E a at x = a/2 (the middle of the guide). Thus the maximum power 
capacity before breakdown is 

_ abE 2 _ abE 2 
Pmax - - -r=—, 

which shows that power capacity increases with guide size. For most standard waveguides, 
b ~ 2a. To avoid propagation of the TE20 mode we must have a < c/f mayl , where / max is the 
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maximum operating frequency. Then the maximum power capacity of the guide can be shown 



As an example, at 10 GHz the maximum peak power capacity of a rectangular waveguide oper- 
ating in the TEio mode is about 2300 kW, which is considerably higher than the power capacity 
of a coaxial cable at the same frequency. 

Because arcing and voltage breakdown are high-speed transient effects, these voltage and 
power limits are peak values; average power capacity is lower. In addition, it is good engineering 
practice to provide a safety factor of at least two, so the maximum powers that can be safely 
transmitted should be limited to about half of the above values. If there are reflections on the 
line or guide, the power capacity is further reduced. In the worst case, a reflection coefficient 
magnitude of unity will double the maximum voltage on the line, so the power capacity will be 
reduced by a factor of four. 

The power capacity of a line can be increased by pressurizing the line with air or an inert 
gas or by using a dielectric. The dielectric strength (£*</) of most dielectric materials is greater 
than that of air, but the power capacity may be further limited by the heating of the dielectric 
due to ohmic loss. 



Reference: P. A. Rizzi, Microwave Engineering — Passive Circuits, Prentice-Hall, Englewood Cliffs, N.J., 1988. 
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PROBLEMS 



3.1 Devise at least two variations of the basic coaxial transmission line geometry of Section 3.5, and 
discuss the advantages and disadvantages of your proposed lines in terms of size, loss, cost, higher 
order modes, dispersion, or other considerations. Repeat this exercise for the microstrip line geometry 
of Section 3.8. 

3.2 Derive equations (3.5a)-(3.5d) from equations (3.3) and (3.4). 

3.3 Calculate the attenuation due to conductor loss for the TE„ mode of a parallel plate waveguide. 

3.4 Consider a section of air-filled K-band waveguide. From the dimensions given in Appendix I, 
determine the cutoff frequencies of the first two propagating modes. From the recommended 
operating range given in Appendix I for this guide, determine the percentage reduction in bandwidth 



to be 
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that this operating range represents, relative to the theoretical bandwidth for a single propagating 
mode. 

3.5 A 10 cm length of a K-band copper waveguide is filled with a dielectric material with e r = 2.55 and 
tan S — 0.0015. If the operating frequency is 15 GHz, find the total loss through the guide and the 
phase delay from the input to the output of the guide. 

3.6 An attenuator can be made using a section of waveguide operating below cutoff, as shown in the 
accompanying figure. If a — 2.286 cm and the operating frequency is 12 GHz, determine the required 
length of the below-cutoff section of waveguide to achieve an attenuation of 100 dB between the input 
and output guides. Ignore the effect of reflections at the step discontinuities. 



-/- 



all 



Propagating 
wave 



/ 





a 







Propagating 
wave 



3.7 Find expressions for the electric surface current density on the walls of a rectangular waveguide for 
a TEio mode. Why can a narrow slot be cut along the centerline of the broad wall of a rectangular 
waveguide without perturbing the operation of the guide? (Such a slot is often used in a slotted line 
for a probe to sample the standing wave field inside the guide.) 

3.8 Derive the expression for the attenuation of the TM m „ mode of a rectangular waveguide due to 
imperfectly conducting walls. 

3.9 For the partially loaded rectangular waveguide shown in the accompanying figure, solve (3.109) 
with = 0 to find the cutoff frequency of the TEiq mode. Assume a = 2.286 cm, t = a/2, and 
e r = 2.25. 




3.10 Consider the partially filled parallel plate waveguide shown in the accompanying figure. Derive the 
solution (fields and cutoff frequency) for the lowest order TE mode of this structure. Assume the 
metal plates are infinitely wide. Can a TEM wave propagate on this structure? 







*0 









-w- 



3.11 Derive equations (3.110a)-(3.110d) for the transverse field components in terms of longitudinal 
fields, in cylindrical coordinates. 
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3.12 Derive the expression for the attenuation of the TM„ m mode in a circular waveguide with finite 
conductivity. 

3.13 A circular copper waveguide has a radius of 0.4 cm and is filled with a dielectric material having 
e r — 1.5 and tan S — 0.0002. Identify the first four propagating modes and their cutoff frequencies. 
For the dominant mode, calculate the total attenuation at 20 GHz. 

3.14 Derive the E and H fields of a coaxial line from the expression for the potential given in (3.153). 
Also find expressions for the voltage and current on the line and the characteristic impedance. 

3.15 Derive a transcendental equation for the cutoff frequency of the TM modes of a coaxial waveguide. 
Using tables, obtain an approximate value of k c a for the TMqi mode ifb/a — 2. 

3.16 Derive an expression for the attenuation of a TE surface wave on a grounded dielectric substrate 
when the ground plane has finite conductivity. 

3.17 Consider the grounded magnetic substrate shown in the accompanying figure. Derive a solution for 
the TM surface waves that can propagate on this structure. 




3.18 Consider the partially filled coaxial line shown in the accompanying figure. Can a TEM wave propa- 
gate on this line? Derive the solution for the TMg m (no azimuthal variation) modes of this geometry. 



y 




3.19 A copper stripline transmission line is to be designed for a 100 Q characteristic impedance. The 
ground plane separation is 1.02 mm and the dielectric constant is 2.20, with tan<5 = 0.001. At 
5 GHz, find the guide wavelength on the line and the total attenuation. 

3.20 A copper microstrip transmission line is to be designed for a 100 f2 characteristic impedance. The 
substrate is 0.51 mm thick, with e r = 2.20 and tanS = 0.001. At 5 GHz, find the guide wavelength 
on the line and the total attenuation. Compare these results with those for the similar stripline case of 
the preceding problem. 

3.21 A 100 Q microstrip line is printed on a substrate of thickness 0.0762 cm with a dielectric constant of 
2.2. Ignoring losses and fringing fields, find the shortest length of this line that appears at its input as 
a capacitor of 5 pF at 2.5 GHz. Repeat for an inductance of 5 nH. Using a microwave CAD package 
with a physical model for the microstrip line, compute the actual input impedance seen when losses 
are included (assume copper conductors and tan & — 0.001). 

3.22 A microwave antenna feed network operating at 5 GHz requires a 50 Q printed transmission line that 
is 16 X long. Possible choices are (1) copper microstrip, with d — 0.16 cm, e r — 2.20, and tan & — 
0.001, or (2) copper stripline, with b = 0.32cm, e r = 2.20, t = 0.01 mm,andtanS = 0.001. Which 
line should be used if attenuation is to be minimized? 
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3.23 Consider the TE modes of an arbitrary uniform waveguiding structure in which the transverse fields 
are related to H z as in (3.19). If H z is of the form H z (x, y, z) — h z (x, y)e~ J P z , where h z (x, y) is 
a real function, compute the Poynting vector and show that real power flow occurs only in the z 
direction. Assume that ji is real, corresponding to a propagating mode. 

3.24 A piece of rectangular waveguide is air filled for z < 0 and dielectric filled for z > 0. Assume that 
both regions can support only the dominant TEjo mode and that a TEjo mode is incident on the inter- 
face from z < 0. Using a field analysis, write general expressions for the transverse field components 
of the incident, reflected, and transmitted waves in the two regions and enforce the boundary con- 
ditions at the dielectric interface to find the reflection and transmission coefficients. Compare these 
results to those obtained with an impedance approach, using Zye f° r eacn region. 

3.25 Use the transverse resonance technique to derive a transcendental equation for the propagation con- 
stant of the TM modes of a rectangular waveguide that is air filled for 0 < x < d and dielectric filled 

for d < x < a. 

3.26 Apply the transverse resonance technique to find the propagation constants for the TE surface waves 
that can be supported by the structure of Problem 3.17. 

3.27 An X-band waveguide filled with Rexolite is operating at 9.0 GHz. Calculate the speed of light in 
this material and the phase and group velocities in the waveguide. 

3.28 As discussed in the Point of Interest on the power-handling capacity of transmission lines, the maxi- 
mum power capacity of a coaxial line is limited by voltage breakdown and is given by 



1 max — i 
r/ Q a 

where is the field strength at breakdown. Find the value of b/a that maximizes the maximum 
power capacity and show that the corresponding characteristic impedance is about 30 Q. 

3.29 A microstrip circuit is fabricated on an alumina substrate having a dielectric constant of 9.9, a thick- 
ness of 2.0 mm, and a 50 Q linewidth of 1.93 mm. Find the threshold frequencies of the four higher 
order modes discussed in Section 3.8, and recommend the maximum operating frequency for this 
microstrip circuit. 
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Microwave Network Analysis 



Circuits operating at low frequencies, for which the circuit dimensions are small relative to 
the wavelength, can be treated as an interconnection of lumped passive or active components 
with unique voltages and currents defined at any point in the circuit. In this situation the circuit 
dimensions are small enough such that there is negligible phase delay from one point in the cir- 
cuit to another. In addition, the fields can be considered as TEM fields supported by two or more 
conductors. This leads to a quasi-static type of solution to Maxwell's equations and to the well- 
known Kirchhoff voltage and current laws and impedance concepts of circuit theory [1]. As the 
reader is aware, there is a powerful and useful set of techniques for analyzing low-frequency 
circuits. In general, these techniques cannot be directly applied to microwave circuits, but it 
is the purpose of the present chapter to show how basic circuit and network concepts can be 
extended to handle many microwave analysis and design problems of practical interest. 

The main reason for doing this is that it is usually much easier to apply the simple and 
intuitive ideas of circuit analysis to a microwave problem than it is to solve Maxwell's equa- 
tions for the same problem. In a way, field analysis gives us much more information about 
the particular problem under consideration than we really want or need. That is, because the 
solution to Maxwell's equations for a given problem is complete, it gives the electric and mag- 
netic fields at all points in space. However, usually we are only interested in the voltage or 
current at a set of terminals, the power flow through a device, or some other type of "terminal" 
quantity, as opposed to a minute description of the fields at all points in space. Another reason 
for using circuit or network analysis is that it is then very easy to modify the original prob- 
lem, or combine several elements together and find the response, without having to reanalyze 
in detail the behavior of each element in combination with its neighbors. A field analysis us- 
ing Maxwell's equations for such problems would be hopelessly difficult. There are situations, 
however, in which such circuit analysis techniques are an oversimplification and may lead to 
erroneous results. In such cases one must resort to a field analysis approach, using Maxwell's 
equations. Fortunately, there are a number of commercially available computer-aided design 
packages that can model RF and microwave problems using both field theory analysis and net- 
work analysis. It is part of the education of a microwave engineer to be able to determine when 
network analysis concepts apply and when they should be cast aside in favor of more rigorous 
analysis. 
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The basic procedure for microwave network analysis is as follows. We first treat a set of 
basic, canonical problems rigorously, using field analysis and Maxwell's equations (as we have 
done in Chapters 2 and 3, for a variety of transmission line and waveguide problems). When 
so doing, we try to obtain quantities that can be directly related to a circuit or transmission 
line parameter. For example, when we treated various transmission lines and waveguides in 
Chapter 3 we derived the propagation constant and characteristic impedance of the line. This 
allowed the transmission line or waveguide to be treated as an idealized distributed component 
characterized by its length, propagation constant, and characteristic impedance. At this point, 
we can interconnect various components and use network and/or transmission line theory to 
analyze the behavior of the entire system of components, including effects such as multiple 
reflections, loss, impedance transformations, and transitions from one type of transmission 
medium to another (e.g., coax to microstrip). As we will see, a transition between different 
transmission lines, or a discontinuity on a transmission line, generally cannot be treated as a 
simple junction between two transmission lines, but typically includes some type of equivalent 
circuit to account for reactances associated with the transition or discontinuity. 

Microwave network theory was originally developed in the service of radar system and 
component development at the MIT Radiation Lab in the 1940s. This work was continued at 
the Polytechnic Institute of Brooklyn and other locations by researchers such as E. Weber, 
N. Marcuvitz, A. A. Oliner, L. B. Felsen, A. Hessel, and many others [2]. 



IMPEDANCE AND EQUIVALENT VOLTAGES AND CURRENTS 
Equivalent Voltages and Currents 

At microwave frequencies the measurement of voltage or current is difficult (or impossi- 
ble), unless a clearly defined terminal pair is available. Such a terminal pair may be present 
in the case of TEM-type lines (such as coaxial cable, microstrip line, or stripline), but does 
not strictly exist for non-TEM lines (such as rectangular, circular, or surface waveguides). 

Figure 4.1 shows the electric and magnetic field lines for an arbitrary two-conductor 
TEM transmission line. As in Chapter 3, the voltage, V, of the + conductor relative to the 
— conductor can be found as 



where the integration path begins on the + conductor and ends on the — conductor. It is 
important to realize that, because of the electrostatic nature of the transverse fields between 
the two conductors, the voltage defined in (4.1) is unique and does not depend on the shape 
of the integration path. The total current flowing on the + conductor can be determined 
from an application of Ampere's law as 



4.1 




(4.1) 




(4.2) 



4.1 Impedance and Equivalent Voltages and Currents 167 




FIGURE 4.1 Electric and magnetic field lines for an arbitrary two-conductor TEM line. 



where the integration contour is any closed path enclosing the + conductor (but not the 
— conductor). A characteristic impedance Zq can then be defined for traveling waves as 

V 

Z 0 =y. (4.3) 

At this point, after having defined and determined a voltage, current, and characteristic 
impedance (and assuming we know the propagation constant for the line), we can proceed 
to apply the circuit theory for transmission lines developed in Chapter 2 to characterize this 
line as a circuit element. 

The situation is more difficult for waveguides. To see why, we will look at the case 
of a rectangular waveguide, as shown in Figure 4.2. For the dominant TEio mode, the 
transverse fields can be written, from Table 3.2, as 

E y (x, y, z) = } J^f-A sin — e~ ifiz = Ae y (x, y)e~^ z , (4.4a) 
it a 

H x (x, y, z) = —A sin — e~^ z = Ah x {x, y)e~^ z . (4.4b) 
7T a 



y 



b 




0 a x 

FIGURE 4.2 Electric field lines for the TEio mode of a rectangular waveguide. 
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Applying (4.1) to the electric field of (4.4a) gives 

-jcona . Ttx _ w 



f dy. 

Jy 



A sin — e~ jpz / dy. (4.5) 
jt a 



Thus it is seen that this voltage depends on the position, x, as well as the length of the 
integration contour along the y direction. For example, integrating from y — 0 to b for 
x — all gives a voltage that is quite different from that obtained by integrating from y — 0 
to b for x — 0. What, then, is the correct voltage? The answer is that there is no "correct" 
voltage in the sense of being unique or pertinent for all applications. A similar problem 
arises with current, and also impedance. We will now show how we can define equivalent 
voltages, currents, and impedances that can be useful for non-TEM lines. 

There are many ways to define equivalent voltage, current, and impedance for wave- 
guides since these quantities are not unique for non-TEM lines, but the following consid- 
erations usually lead to the most useful results [1, 3, 4]: 

• Voltage and current are defined only for a particular waveguide mode, and are 
defined so that the voltage is proportional to the transverse electric field and the 
current is proportional to the transverse magnetic field. 

• In order to be useful in a manner similar to voltages and currents of circuit theory, 
the equivalent voltages and currents should be defined so that their product gives 
the power flow of the waveguide mode. 

• The ratio of the voltage to the current for a single traveling wave should be equal to 
the characteristic impedance of the line. This impedance may be chosen arbitrarily, 
but is usually selected as equal to the wave impedance of the line, or else normalized 
to unity. 

For an arbitrary waveguide mode with both positively and negatively traveling waves, 
the transverse fields can be written as 

E,(x, y, z) = e(x, y){A + e -^ z + A~ e if>z ) = ^l^(y+ e "^ + V~e JPz ), (4.6a) 

H t (x, y , z ) = h(x, y)(A + e- j(lz - A~e jflz ) = fe( *' y) (/+ e ~^ _ r e jfSz ), (4.6b) 

where e and h are the transverse field variations of the mode, and A + , A~ are the field 
amplitudes of the traveling waves. Because E t and H t are related by the wave impedance, 
Z w , according to (3.22) or (3.26), we also have that 

Tt ^ ixe(x,y) 

Hx, y) = • (4.7) 

Equation (4.6) also defines equivalent voltage and current waves as 

V(z) = V + e~ jfiz + V~e jfiz , (4.8a) 
I(z) = I+ e - jfiz - re jPz , (4.8b) 

with V + /I + — V~/I~ — Zq. This definition embodies the idea of making the equivalent 
voltage and current proportional to the transverse electric and magnetic fields, respectively. 
The proportionality constants for this relationship are C\ — V + /A + — V~ / ' A~ and C2 = 
I + /A + — 1~/A~, and can be determined from the remaining two conditions for power 
and impedance. 
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The complex power flow for the incident wave is given by 

1 /* _ y+[+* r 

P + = ^\A + \ 2 J t x h* ■ zds = J exh*-zds. (4 . 9) 

s 1 2 s 

Because we want this power to be equal to (1 /2)V + I + *, we have the result that 



CiC 2 * = J ex h* -ids, 




(4.10) 

s 

where the surface integration is over the cross section of the waveguide. The characteristic 
impedance is 

y+ y- Ci 

Zo=— r = = — - (4.H) 

/+ /- c 2 

since V + = Ci A and 7 + = C2A, from (4.6a) and (4.6b). If it is desired to have Zq = Z w , 
the wave impedance (Zje or Ztm) of the mode, then 

Ci 

— = Z W (Z T e or Z T m)- (4.12a) 
C2 

Alternatively, it may be desirable to normalize the characteristic impedance to unity 
(Zo = 1), in which case we have 

Ci 

-i = 1. (4.12b) 

C2 

For a given waveguide mode, (4.10) and (4.12) can be solved for the constants C\ and 
C2, and equivalent voltages and currents defined. Higher order modes can be treated in the 
same way, so that a general field in a waveguide can be expressed in the following form: 

E,(x, y,z) = T (^e-i^ + ^e^A e n (x, y), (4.13a) 

%Z[\tln (-In J 

N ( /+ /" \ 

H t (x, y, z) = V -^e-^ z - -^e^ h n (x, y), (4.13b) 

n=l 

where and are the equivalent voltages and currents for the nth mode, and C\ n and 
C2„ are the proportionality constants for each mode. 



EXAMPLE 4.1 EQUIVALENT VOLTAGE AND CURRENT 
FOR A RECTANGULAR WAVEGUIDE 

Find the equivalent voltages and currents for a TE10 mode in a rectangular wave- 
guide. 

Solution 

The transverse field components and power flow of the TE10 rectangular wave- 
guide mode and the equivalent transmission line model of this mode can be written 
as follows: 



170 Chapter 4: Microwave Network Analysis 



Waveguide Fields Transmission Line Model 

E y = (A+e-}P z + A~e^ sin — V(z) = V + e~jP z + V~e^ z 

H x = —(A + e-jP z - A~e^ z ) sin — 7(z) = - I~e^ z 

Zxe V / a 



L( V + e -JPz_ v - e jPz\ 
In \ / 



^0 

p+ = -V + [+* 



We now find the constants C\ = V+/A+ = V'/A" and C 2 = 7+/A+ = I~/A~ 
that relate the equivalent voltages V 1 * 1 and currents 7 ± to the field amplitudes, A ± . 
Equating incident powers gives 

ab \A + \ 2 1 , ^ 1 , , ,2 
4Z TE 2 2 1 1 2 

If we choose Zq — Zte, then we also have that 

Zte- 

Solving for Ci, C2 gives 



V+ _ d 



Ci 

which completes the transmission line equivalence for the TE10 mode. 



ab 
VT' 

1 /afc 
Zte V 2 



The Concept of Impedance 

We have used the idea of impedance in several different ways, so it may be useful at this 
point to summarize this important concept. The term impedance was first used by Oliver 
Heaviside in the nineteenth century to describe the complex ratio V/I in AC circuits con- 
sisting of resistors, inductors, and capacitors; the impedance concept quickly became indis- 
pensable in the analysis of AC circuits. It was then applied to transmission lines, in terms 
of lumped-element equivalent circuits and the distributed series impedance and shunt ad- 
mittance of the line. In the 1930s, S. A. Schelkunoff recognized that the impedance concept 
could be extended to electromagnetic fields in a systematic way, and noted that impedance 
should be regarded as characteristic of the type of field, as well as of the medium [2]. 
In addition, in relation to the analogy between transmission lines and plane wave propa- 
gation, impedance may even be dependent on direction. The concept of impedance, then, 
forms an important link between field theory and transmission line or circuit theory. 
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We summarize the various types of impedance we have used so far, and their notation: 

• x] — -JJIJe — intrinsic impedance of the medium. This impedance is dependent only 
on the material parameters of the medium, and is equal to the wave impedance for 
plane waves. 

• Z w — E t /H t — l/Y w = wave impedance. This impedance is a characteristic of 
the particular type of wave. TEM, TM, and TE waves each have different wave 
impedances (Ztem, Zjm, Zje), which may depend on the type of line or guide, 
the material, and the operating frequency. 

• Zq — 1/Yq — V + /I + — characteristic impedance. Characteristic impedance is the 
ratio of voltage to current for a traveling wave on a transmission line. Because volt- 
age and current are uniquely defined for TEM waves, the characteristic impedance 
of a TEM wave is unique. TE and TM waves, however, do not have a uniquely 
defined voltage and current, so the characteristic impedance for such waves may 
be defined in different ways. 



EXAMPLE 4.2 APPLICATION OF WAVEGUIDE IMPEDANCE 

Consider a rectangular waveguide with a — 2.286 cm and b — 1 .016 cm (X-band 
guide), air filled for z < 0 and Rexolite filled (e r = 2.54) for z > 0, as shown in 
Figure 4.3. If the operating frequency is 10 GHz, use an equivalent transmission 
line model to compute the reflection coefficient of a TEio wave incident on the 
interface from z < 0. 

Solution 

The waveguide propagation constants in the air (z < 0) and the dielectric (z > 0) 
regions are 



Pa=}l k 0-(^) = 158.0 m" 1 , 



P d =j€rk%-(^} = 304.1 m- 



wherefco = 209.4 m" 1 . 

The reader may verify that the TEio mode is the only propagating mode in ei- 
ther waveguide region. We can set up an equivalent transmission line for the TEjo 
mode in each waveguide, and treat the problem as the reflection of an incident 
voltage wave at the junction of two infinite transmission lines. 



e 0 


TE 10 


£ 0 e r 




Z 



z = 0 
— o— 



FIGURE 4.3 Geometry of a partially filled waveguide and its transmission line equivalent for 
Example 4.2. 
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By Example 4.1 and Table 3.2, the equivalent characteristic impedances for 
the two lines are 

^(209.4)(377)^ 
p a 158.0 



*ij Mo (209.4) (377) 

Ln, — — = = = 259.6 \i. 

d Pd Pd 304.1 

The reflection coefficient seen looking into the dielectric filled region is then 



r = ZQd - Z% = -0.316. 

With this result, expressions for the incident, reflected, and transmitted waves can 
be written in terms of fields, or in terms of equivalent voltages and currents. ■ 

We now consider the arbitrary one-port network shown in Figure 4.4 and derive a 
general relation between its impedance properties and electromagnetic energy stored in, 
and the power dissipated by, the network. The complex power delivered to this network is 
given by (1.91): 



-H 



E x H ■ ds — Pi +2jco(W m - W e ), (4.14) 

s 

where Pi is real and represents the average power dissipated by the network, and W m 
and W e represent the stored magnetic and electric energy, respectively. Note that the unit 
normal vector in Figure 4.4 is pointing into the volume. 

If we define real transverse modal fields e and h over the terminal plane of the network 
such that 

E t (x, y, z) = V(z)e(x, y)e~^ z , (4.15a) 
H t (x, y, z) = l(z)h(x, y)e~^\ (4.15b) 
with a normalization such that 

/ e x h ■ ds — 1, 
Js 

then we can express (4. 14) in terms of the terminal voltage and current: 

P = 1 f Vfe xh-ds = -VI*. (4.16) 
2 Js 2 




FIGURE 4.4 An arbitrary one-port network. 
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Then the input impedance is 

V VI* P P e + 2jco(W m -W e ) 

Z in = R + jX = - = = -: = — , -. (4.17) 

J I \l\ 2 i|/| 2 i|/| 2 

Thus we see that the real part, R, of the input impedance is related to the dissipated power, 
while the imaginary part, X, is related to the net energy stored in the network. If the net- 
work is lossless, then Pi — 0 and R — 0. Then Z; n is purely imaginary, with a reactance 

4co(W m - W e ) 
X = — — -, (4.18) 

|/|2 

which is positive for an inductive load (W m > W e ), and negative for a capacitive load 

(W m < W e ). 

Even and Odd Properties of Z(co) and T(co) 

Consider the driving point impedance, Z(co), at the input port of an electrical network. The 
voltage and current at this port are related as V (co) = Z (&>) / (&>) . For an arbitrary frequency 
dependence, we can find the time-domain voltage by taking the inverse Fourier transform 
of V(co): 

i r 00 

v(t) = — / V(o)e ja "dco. (4.19) 
Because v(t) must be real, we have that v(t) — v*(t), or 

/oo />oo />oo 

V(co)e imt dco= / V*{aj)e-) mt d(D= / V* (-co)e jon dco, 
-OO J — QO J — QO 

where the last term was obtained by a change of variable from co to — a>. This shows that 
V (co) must satisfy the relation 

V(-co) = V*(co), (4.20) 

which means that Re{V (co)) is even in co, while Im{V (co)} is odd in co. Similar results hold 
for I(co), and for Z(co) since 

V*(-co) = Z* (-co) I* (-co) = Z*(-co)I(co) = V(co) = Z(co)I(co). 

Thus, if Z(co) — R(co) + jX(co), then R(co) is even in co and X(co) is odd in co. These 
results can also be inferred from (4.17). 

Now consider the reflection coefficient at the input port: 

Z(co) - Zp R(co)-Z Q + jX(co) 

l (CO) — . (4.Z1) 

Z(co) + Z 0 R(co) + Z 0 + jX(co) 

Then 

R(co)- Z 0 - iX(co) 
R(co) + Z 0 - jX(fci) 

which shows that the real and imaginary parts of r(co) are even and odd, respectively, 
in co. Finally, the magnitude of the reflection coefficient is 

\r(co)\ 2 = r(co)r*(co) = r(«)r(-&>) = |r(-w)| 2 , (4.23) 

which shows that |r(a>)| 2 and |r(&>)| are even functions of co. This result implies that only 
even series of the form a + ba> 2 + ceo 4 + • • • can be used to represent |r(o>)| or |r(a>)| 2 . 
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4.2 



IMPEDANCE AND ADMITTANCE MATRICES 

In the previous section we have seen how equivalent voltages and currents can be defined 
for TEM and non-TEM waves. Once such voltages and currents have been defined at vari- 
ous points in a microwave network, we can use the impedance and/or admittance matrices 
of circuit theory to relate these terminal or port quantities to each other, and thus to essen- 
tially arrive at a matrix description of the network. This type of representation lends itself 
to the development of equivalent circuits of arbitrary networks, which will be quite useful 
when we discuss the design of passive components such as couplers and filters. (The term 
port was introduced by H. A. Wheeler in the 1950s to replace the less descriptive and more 
cumbersome phrase "two-terminal pair" [2, 3].) 

We begin by considering an arbitrary Alport microwave network, as depicted in 
Figure 4.5. The ports in Figure 4.5 may be any type of transmission line or transmission 
line equivalent of a single propagating waveguide mode. If one of the physical ports of the 
network is a waveguide supporting more than one propagating mode, additional electri- 
cal ports can be added to account for these modes. At a specific point on the nth port, a 
terminal plane, t n , is defined along with equivalent voltages and currents for the incident 
(V„ + , /+) and reflected (V~, I~) waves. The terminal planes are important in providing 
a phase reference for the voltage and current phasors. Now, at the nth terminal plane, the 
total voltage and current are given by 



v„ = V + + v„ 

1 n — 1 n 1 n ■ 



(4.24a ) 
(4.24b ) 



as seen from (4.8) when z — 0. 

The impedance matrix [Z] of the microwave network then relates these voltages and 
currents: 
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FIGURE 4.5 An arbitrary Alport microwave network. 
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or in matrix form as 



[V] = [Z][/]. 

Similarly, we can define an admittance matrix [Y] as 



(4.25) 







Yn Y\2 ■ 


Yin 






h 




Y21 






v 2 


Jn_ 




Ym ■■■ ■ 


■ Ymn 




_V N _ 



or in matrix form as 

U] = [Y][V]. 

Of course, the [Z] and [Y] matrices are the inverses of each other: 

[Y] = [Z]" 1 . 

Note that both the [Z] and [Y] matrices relate the total port voltages and currents. 
From (4.25), we see that Zjj can be found as 



Zij = 



(4.26) 



(4.27) 



(4.28) 



i k =0 for 



In words, (4.28) states that Zjj can be found by driving port j with the current Ij, open- 
circuiting all other ports (so /& = 0 for k ^ j), and measuring the open-circuit voltage at 
port i. Thus, Z,; is the input impedance seen looking into port i when all other ports are 
open-circuited, and Z (/ is the transfer impedance between ports i and j when all other 
ports are open-circuited. 



Similarly, from (4.26), Yfj can be found as 



Yij = 



(4.29) 



V k =0 for kjtj 



which states that Y^ can be determined by driving port j with the voltage Vj, short- 
circuiting all other ports (so Vjt = 0 for k ^ j), and measuring the short-circuit current 
at port i . 

In general, each Z (/ or Yij element may be complex. For an arbitrary N-port network, 
the impedance and admittance matrices are N x N in size, so there are 2N 2 independent 
quantities or degrees of freedom. In practice, however, many networks are either recipro- 
cal or lossless, or both. If the network is reciprocal (not containing any active devices or 
nonreciprocal media, such as ferrites or plasmas), we will show that the impedance and 
admittance matrices are symmetric, so that Z (/ - = Zjj, and Y^ — Yji. If the network is 
lossless, we can show that all the Z ( / - or Yjj elements are purely imaginary. Either of these 
special cases serves to reduce the number of independent quantities or degrees of freedom 
that an N-port network may have. We now derive the above characteristics for reciprocal 
and lossless networks. 



Reciprocal Networks 

Consider the arbitrary network of Figure 4.5 to be reciprocal (no active devices, ferrites, or 
plasmas), with short circuits placed at all terminal planes except those of ports 1 and 2. Let 
E a , H a and Eb, Hb be the fields anywhere in the network due to two independent sources, 
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a and b, located somewhere in the network. Then the reciprocity theorem of (1.156) states 
that 

<j) E a x H h ■ ds = <t> E h x H a ■ ds, (4.30) 
Js Js 

where S is the closed surface along the boundaries of the network and through the terminal 
planes of the ports. If the boundary walls of the network and transmission lines are metal, 
then E tan = 0 on these walls (assuming perfect conductors). If the network or the transmis- 
sion lines are open structures, like microstrip line or slotline, the boundaries of the network 
can be taken arbitrarily far from the lines so that E tm is negligible. Then the only nonzero 
contribution to the integrals of (4.30) come from the cross-sectional areas of ports 1 and 2. 

From Section 4.1, the fields due to sources a and b can be evaluated at the terminal 
planes t\ and t 2 as 

(4.31a) 
(4.31b) 
(4.31c) 
(4.3 Id) 

where e\, hi and e 2 , h 2 are the transverse modal fields of ports 1 and 2, respectively, 
and the Vs and Is are the equivalent total voltages and currents. (For instance, E\\, is the 
transverse electric field at terminal plane t\ of port 1 due to source b.) Substituting the 
fields of (4.31) into (4.30) gives 

(Viahb - V\bha) I ~e\ x hi ■ ds + (V 2a hb - V 2h ha) I e 2 xh 2 - ds = 0, (4.32) 
J Si Js 2 

where Si and S 2 are the cross-sectional areas at the terminal planes of ports 1 and 2. 

As in Section 4.1, the equivalent voltages and currents have been defined so that the 
power through a given port can be expressed as VI* / 2; then, comparing (4.31) to (4.6) 
implies that C\ — C 2 — \ for each port, so that 



E\ a 


= V\ a e\, 


Su, 


= hahl, 


E\b 


= Vibh, 


Hi h 


= hbhl, 


E 2a 


= V 2a e 2 , 


H 2a 


= hah 2 , 


E 2 b 


— V 2 be 2 , 


H 2h 


= hbh 2 , 



I ei x hi ■ ds = I e 2 x h 2 ■ ds = 1. 

J S] Js 2 



(4.33) 

'Si Js 2 
This reduces (4.32) to 

Vlahb ~ Vlbha + V 2a I 2h - V 2h I 2a = 0. (4.34) 

Now use the 2 x 2 admittance matrix of the (effectively) two-port network to eliminate the 
Is: 

h = YnVi + YnV 2 , 
I 2 — Y 2 iVi + Y 22 V 2 . 

Substitution into (4.34) gives 

(Vi a V 2b - Vi h V 2a )(Yi 2 - Y21) = 0. (4.35) 

Because the sources a and b are independent, the voltages Vi a , Vib, V 2a , and V 2 b can take 
on arbitrary values. So in order for (4.35) to be satisfied for any choice of sources, we must 
have Y\ 2 — Y 2 \, and since the choice of which ports are labeled as 1 and 2 is arbitrary, we 
have the general result that 

Yij = Yji. (4.36) 
Then if [Y] is a symmetric matrix, its inverse, [Z], is also symmetric. 
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Lossless Networks 

Now consider a reciprocal lossless Alport junction; we will show that the elements of the 
impedance and admittance matrices must be pure imaginary. If the network is lossless, then 
the net real power delivered to the network must be zero. Thus, Re{P avg } = 0, where 

^avg = \lVf[I]* = ^([Z][/])'[/]* = \[lf[Z][I]* 

= l -(hz u i* + hZ l2 I* + I 2 Z 2l I* + ■■■) 

j N N 

= -^^/ m Z™/„*. (4.37) 

n—\ m=l 

We have used the result from matrix algebra that ([A][B]) f — [B]'[A]' . Because the /„ are 
independent, we must have the real part of each self term (I n Z nn I*) equal to zero, since 
we could set all port currents equal to zero except for the nth current. So, 

Re{/„Z„„/„*} = |/„| 2 Re{Z„„} = 0, 

or 

Re{Z„„} = 0. (4.38) 

Now let all port currents be zero except for I m and /„. Then (4.37) reduces to 

Re {(/„/* +I m I*)Z mn } =0, 

since Z mn — Z nm . However, (/„/* + I m I*) is a purely real quantity that is, in general, 
nonzero. Thus we must have that 

Re{Z m „} = 0. (4.39) 

Then (4.38) and (4.39) imply that Re {Z mn } — 0 for any m,n. The reader can verify that 
this also leads to an imaginary [Y] matrix. 



EXAMPLE 4.3 EVALUATION OF IMPEDANCE PARAMETERS 

Find the Z parameters of the two-port T-network shown in Figure 4.6. 
Solution 

From (4.28), Z\\ can be found as the input impedance of port 1 when port 2 is 
open-circuited: 



7 Vl 
ZlI= A 



= Z A + Z c . 

I 2 =0 



A 



Port 



+ 

-o 



Port 
2 



FIGURE 4.6 A two-port T-network. 
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The transfer impedance Z\ 2 can be found measuring the open-circuit voltage at 
port 1 when a current I2 is applied at port 2. By voltage division, 



Z l2 = 



h 



V2 Z C 
h Zb + Z c 



= z c . 



The reader can verify that Z21 = Z12, indicating that the circuit is reciprocal. 
Finally, Z22 is found as 



Z22 = 



V 2 



= z B + z c . 



1 1=0 



THE SCATTERING MATRIX 

We have already discussed the difficulty in defining voltages and currents for non-TEM 
lines. In addition, a practical problem exists when trying to measure voltages and currents 
at microwave frequencies because direct measurements usually involve the magnitude 
(inferred from power) and phase of a wave traveling in a given direction or of a standing 
wave. Thus, equivalent voltages and currents, and the related impedance and admittance 
matrices, become somewhat of an abstraction when dealing with high-frequency networks. 
A representation more in accord with direct measurements, and with the ideas of incident, 
reflected, and transmitted waves, is given by the scattering matrix. 

Like the impedance or admittance matrix for an Alport network, the scattering matrix 
provides a complete description of the network as seen at its N ports. While the impedance 
and admittance matrices relate the total voltages and currents at the ports, the scattering 
matrix relates the voltage waves incident on the ports to those reflected from the ports. 
For some components and circuits, the scattering parameters can be calculated using net- 
work analysis techniques. Otherwise, the scattering parameters can be measured directly 
with a vector network analyzer; a photograph of a modern network analyzer is shown in 
Figure 4.7. Once the scattering parameters of the network are known, conversion to other 
matrix parameters can be performed, if needed. 

Consider the A -port network shown in Figure 4.5, where V n + is the amplitude of the 
voltage wave incident on port n and V~ is the amplitude of the voltage wave reflected 
from port n. The scattering matrix, or [S] matrix, is defined in relation to these incident 
and reflected voltage waves as 

or 

[V~] = [S][V + ]. (4.40) 
A specific element of the scattering matrix can be determined as 

(4.41) 

V+=0 for k^j 

In words, (4.41) says that Sjj is found by driving port j with an incident wave of voltage 
V f and measuring the reflected wave amplitude V t coming out of port ;'. The incident 
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FIGURE 4.7 



Photograph of the Agilent N5247A Programmable Network Analyzer. This instru- 
ment is used to measure the scattering parameters of RF and microwave networks 
from 10 MHz to 67 GHz. The instrument is programmable, performs error correc- 
tion, and has a wide variety of display formats and data conversions. 
Courtesy of Agilent Technologies. 




waves on all ports except the jth port are set to zero, which means that all ports should 
be terminated in matched loads to avoid reflections. Thus, Sn is the reflection coefficient 
seen looking into port i when all other ports are terminated in matched loads, and S; ; - is 
the transmission coefficient from port j to port i when all other ports are terminated in 
matched loads. 



EXAMPLE 4.4 EVALUATION OF SCATTERING PARAMETERS 

Find the scattering parameters of the 3 dB attenuator circuit shown in Figure 4.8. 

Solution 

From (4.41), Sn can be found as the reflection coefficient seen at port 1 when 
port 2 is terminated in a matched load (Zq = 50 £2): 



Sn = 



v; 



- r 



7 d) 7 
Z in - Z 0 



V+=0 



Zq on port 2 



Port 



8.56 £2 
O WW 



8.56 Q 

-AAAA o 



.141.8 n 



Port 



FIGURE 4.8 A matched 3 dB attenuator with a 50 Q characteristic impedance (Example 4.4). 
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but Zy> = 8.56 + [141.8(8.56 + 50)]/(141.8 + 8.56 + 50) = 50 £2, so 5n = 0. 
Because of the symmetry of the circuit, S22 = 0. 

We can find S21 by applying an incident wave at port 1, V+, and measuring 
the outcoming wave at port 2, V 2 . This is equivalent to the transmission coeffi- 
cient from port 1 to port 2: 



5 2 i 



Yi 
v; 



V7=o 



From the fact that Si 1 = S22 = 0, we know that V[~ = 0 when port 2 is terminated 
in Zo = 50 £2, and that V 2 = 0. In this case we have that Vj = V\ and V 2 — 
V2. By applying a voltage V\ at port 1 and using voltage division twice we find 
V 2 ~ — V2 as the voltage across the 50 Q load resistor at port 2: 

/ 41.44 \ / 50 \ 
V >~ = V2 = Vl (4T44T^56j (50T8^J = a7 ° 7yi ' 

where41.44 = 141.8(58.56)/(141.8 + 58.56) is the resistance of the parallel com- 
bination of the 50 Q load and the 8.56 £2 resistor with the 141.8 Q resistor. Thus, 
S12 = 5 2 i = 0.707. 

If the input power is \V^~\ 2 /2Zq, then the output power is \V 2 ~\ 2 /2Zq = 
\S 2 iV+\ 2 /2Z 0 = \S 2 i\ 2 /2Z Q \V+\ 2 = \V+\ 2 /4Z Q , which is one-half (-3 dB) of 
the input power. ■ 



We now show how the scattering matrix can be determined from the [Z] (or [Y]) 
matrix and vice versa. First, we must assume that the characteristic impedances, Zo„, of 
all the ports are identical. (This restriction will be removed when we discuss generalized 
scattering parameters.) Then, for convenience, we can set Zo„ = 1. From (4.24) the total 
voltage and current at the «th port can be written as 



Vn = V+ + V- 



h = /+ - /" = v+ - v n 



Using the definition of [Z] from (4.25) with (4.42) gives 

[Z][7] = [Z][V+] - [Z][V"] = [V] = [V+] + [V-], 
which can be rewritten as 

([Z] + [£/]) [V~] = ([Z] - [U]) [V + l 
where [U] is the unit, or identity, matrix defined as 

0^ 

o 1 

[U] = 



(4.42a) 
(4.42b) 



(4.43) 



0 



1 
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Comparing (4.43) to (4.40) suggests that 

IS] = ([Z] + [t/])" 1 ([Z] - [£/]) , (4.44) 

giving the scattering matrix in terms of the impedance matrix. Note that for a one-port 
network (4.44) reduces to 

c zn-1 

in = —, 

zn + 1 

in agreement with the result for the reflection coefficient seen looking into a load with a 
normalized input impedance of zu. 

To find [Z] in terms of [5], rewrite (4.44) as [Z][S] + [U][S] = [Z] - [U], and solve 
for [Z] to give 

[Z] = ([U] + [S]) ([£/] - [S])~ l . (4.45) 



Reciprocal Networks and Lossless Networks 

As we discussed in Section 4.2, the impedance and admittance matrices are symmetric 
for reciprocal networks, and are purely imaginary for lossless networks. The scattering 
matrices for these particular types of networks also have special properties. We will show 
that the scattering matrix for a reciprocal network is symmetric, and that the scattering 
matrix for a lossless network is unitary. 

By adding (4.42a) and (4.42b) we obtain 

V+ = l -{V n +I n ), 

or 

[V + ] = ^([Z] + [£/])[/]. (4.46a) 
By subtracting (4.42a) and (4.42b) we obtain 

V- = l(V„-I n ), 

or 

[V-] = i([Z] - [£/])[/]. (4.46b) 

Eliminating [/] from (4.46a) and (4.46b) gives 

[V-] = ([Z]-[UM[Z] + [U])- l [V + ], 

so that 

[S] = ([Z]-[U])([Z] + [U]y l . (4.47) 
Taking the transpose of (4.47) gives 

is]< = {az] + [u]r l Yaz]-[u]y. 

Now [U] is diagonal, so [U]' = [£/], and if the network is reciprocal, [Z] is symmetric, so 
that [Z]' — [Z]. The above equation then reduces to 



[5] r = ([Z] + [f/])- 1 ([Z]-[f/]), 
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which is equivalent to (4.44). We have thus shown that 

[S] = [S]> , (4.48) 

so the scattering matrix is symmetric for reciprocal networks. 

If the network is lossless, no real power can be delivered to the network. Thus, if the 
characteristic impedances of all the ports are identical and assumed to be unity, the average 
power delivered to the network is 

^avg = ^Re{[Vr[/f } = ^Re{([V+] f + [V-]')([V + ]* - [V"]*)} 

= ^Re{[V + ] f [V+]* - [V + ]'[V - ]* + [y-] f [V + ]* - [V~] f [V~]*} 

= \iv + ]'[v + ]* - l -\y-^\y-f = o, (4.49) 

since the terms -[V + ]'[V~]* + [V~]'[V + ]* are of the form A - A*, and so are purely 
imaginary. Of the remaining terms in (4.49), (l/2)[V + ] f [V + ]* represents the total inci- 
dent power, while (1 /2)[V _ ] ( [V - ]* represents the total reflected power. So, for a lossless 
junction, we have the intuitive result that the incident and reflected powers are equal: 

[V + ] f [V+]* = [V~]'[V~]*. (4.50) 

Using [V-] = [S][V + ] in (4.50) gives 

[y+] f [y+]* - [y+] f [S] f [S]*[V + ]*, 

so that, for nonzero [V + ], 

[S]'[S]* = [£/], (4.51) 
or [ST = {[Sfr 1 - 

A matrix that satisfies the condition of (4.51) is called a unitary matrix. 
The matrix equation of (4.51) can be written in summation form as 

N 

J2 S kiS£j = 5//, for all/, 7, (4.52) 

k=l 

where Sij = 1 if i = j, and 8jj — 0 if i : ^ j, is the Kronecker delta symbol. Thus, if i — j, 
(4.52) reduces to 

TV 

£SkSk = 1, (4.53a) 
k=l 

while if i / j, (4.52) reduces to 

TV 

J2 S kiSkj =0,for/ 567. (4.53b) 
k=l 

In words, (4.53a) states that the dot product of any column of [S] with the conjugate of that 
same column gives unity, while (4.53b) states that the dot product of any column with the 
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conjugate of a different column gives zero (the columns are orthonormal). From (4.51) we 
also have that 

[S] [S]*' = [U] , 

so the same statements can be made about the rows of the scattering matrix. 



EXAMPLE 4.5 APPLICATION OF SCATTERING PARAMETERS 

A two-port network is known to have the following scattering matrix: 



IS] 



0.15/0° 0.85Z-45 0 
0.85/45° 0.2/0° 



Determine if the network is reciprocal and lossless. If port 2 is terminated with a 
matched load, what is the return loss seen at port 1 ? If port 2 is terminated with a 
short circuit, what is the return loss seen at port 1 ? 

Solution 

Because [S] is not symmetric, the network is not reciprocal. To be lossless, the 
scattering parameters must satisfy (4.53). Taking the first column [;' = 1 in (4.53a)] 
gives 

I SnI 2 + 1 5 2 i | 2 = (0.15) 2 + (0.85) 2 = 0.745 # 1, 

so the network is not lossless. 

When port 2 is terminated with a matched load, the reflection coefficient seen 
at port 1 is T = Su — 0.15. So the return loss is 

RL = -20 log |r| = -201og(0.15) = 16.5 dB. 

When port 2 is terminated with a short circuit, the reflection coefficient seen at 
port 1 can be found as follows. From the definition of the scattering matrix and 
the fact that V 2 + = — V 2 ~ (for a short circuit at port 2), we can write 

Vf = S n V+ + S l2 V+ = S n V+ - S 12 V 2 ~, 
V 2 ~ = S21V+ + S22V+ = S21V+ - S22V2. 
The second equation gives 

V" = — V, + . 

2 l + 5 22 1 

Dividing the first equation by Vj*" and using the above result gives the reflection 
coefficient seen at port 1 as 

vr v 7 ~ S l2 S 2 i 



V+ V+ 1 + 522 

(0.85/-45°)(0.85/45°) 

= 0.15 - = -0.452. 

1 + 0.2 

So the return loss is RL = -20 log |T| = -201og(0.452) = 6.9 dB. ■ 

An important point to understand about scattering parameters is that the reflection 
coefficient looking into port n is not equal to S n „ unless all other ports are matched (this 
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is illustrated in the above example). Similarly, the transmission coefficient from port m to 
port n is not equal to S nm unless all other ports are matched. The scattering parameters 
of a network are properties only of the network itself (assuming the network is linear), 
and are defined under the condition that all ports are matched. Changing the terminations 
or excitations of a network does not change its scattering parameters, but may change the 
reflection coefficient seen at a given port, or the transmission coefficient between two ports. 



A Shift in Reference Planes 

Because scattering parameters relate amplitudes (magnitude and phase) of traveling waves 
incident on and reflected from a microwave network, phase reference planes must be speci- 
fied for each port of the network. We now show how scattering parameters are transformed 
when the reference planes are moved from their original locations. 

Consider the iV-port microwave network shown in Figure 4.9, where the original ter- 
minal planes are assumed to be located at z n — 0 for the nth port, where z n is an arbitrary 
coordinate measured along the transmission line feeding the nth port. The scattering matrix 
for the network with this set of terminal planes is denoted by [S]. Now consider a new set 
of reference planes defined at z n — (-n for the nth port, and let the new scattering matrix be 
denoted as [S']. Then in terms of the incident and reflected port voltages we have that 

[V~] = [S][V + ], (4.54a) 

[V'~] = [S'][V' + ], (4.54b) 

where the unprimed quantities are referenced to the original terminal planes at z„ — 0, and 
the primed quantities are referenced to the new terminal planes at z n — t-n- 

From the theory of traveling waves on lossless transmission lines we can relate the 
new wave amplitudes to the original ones as 

y;+ = V+e-' 9 ", (4.55a) 

V!,~ = V-e-j e ", (4.55b) 



Zi=h 



1 — 

I 



z, = 0 



Port 1 



N-port 
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IS], m 



z n = 0 



Port n 



FIGURE 4.9 Shifting reference planes for an yV-port network. 
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where 6 n — fi n £ n is the electrical length of the outward shift of the reference plane of 
port n. Writing (4.55) in matrix form and substituting into (4.54a) gives 



0 



J62 



0 



J6n 



[V'~] = [S] 



0 



-jo 2 



0 



-J0N 



[V' + ]. 



Multiplying by the inverse of the first matrix on the left gives 

0 



l-e-M 



-J02 



0 



-jO N 



[S] 



-J02 



-je N 



[V f+ ]. 



Comparing with (4.54b) shows that 

Ve~i^ 0 
e -j<h 



0 



-j0N 



0 



-J02 



-je N 



(4.56) 



which is the desired result. Note that S' nn — e~ 2 i e "S nn , meaning that the phase of S nn is 
shifted by twice the electrical length of the shift in terminal plane n because the wave 
travels twice over this length upon incidence and reflection. This result is consistent with 
(2.42), which gives the change in the reflection coefficient on a transmission line due to a 
shift in the reference plane. 



Power Waves and Generalized Scattering Parameters 

We previously expressed the total voltage and current on a transmission line in terms of the 
incident and reflected voltage wave amplitudes, as in (2.34) or (4.42): 

v = K + v o~> ( 4 - 57a > 

/ = ^( y 0 + -^0")' ( 4 - 57b ) 

with Zq being the characteristic impedance of the line. Inverting (4.57) gives the incident 
and reflected voltage wave amplitudes in terms of the total voltage and current: 

V 0 + - V - ± ^ L , (4.58a) 
V - Z 0 I 

V 0 " = (4.58b) 

The average power delivered to a load can be expressed as 

p L = i Re {vi*} = ^-Re j| y+| 2 - v+V + v 0 +*v 0 - - K1 2 } 

= ^(K + | 2 -K1 2 )- (4.59) 

where the last step follows because the quantity V 0 + * Vq _ — V 0 + V^~* is pure imaginary. This 
is a physically satisfying result since it expresses the net power delivered to the load as the 
difference between the incident and reflected powers. Unfortunately, this result is only 
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FIGURE 4.10 A generator with impedance Zg connected to a load impedance Z^. 



valid when the characteristic impedance is real; it does not apply when Zq is complex, as 
in the case of a lossy line. In addition, these results are not useful when no transmission 
line is present between the generator and load, as in the circuit shown in Figure 4. 10. 

In the circuit of Figure 4. 10 there is no defined characteristic impedance, nor is there a 
voltage reflection coefficient, or incident and reflected voltage or current waves. It is possi- 
ble, however, to define a new set of waves, called power waves, which have useful proper- 
ties when dealing with power transfer between a generator and a load, and can be applied to 
circuits like that of Figure 4.10, as well as to problems with lossless or lossy transmission 
lines. We will also see how power waves lead to a generalization of scattering parameters. 

The incident and reflected power wave amplitudes a and b are defined as the following 
linear transformations of the total voltage and current: 

a = V -^-, (4.60a) 

V - Z* R I 

b = p^-, (4.60b) 



2^Rr 

where Zr — Rr + jX r is known as the reference impedance, and may be complex. Note 
that the power wave amplitudes of (4.60) are similar in form to the voltage waves of (4.58), 
but do not have units of power, voltage, or current. 

Inverting (4.60) gives the total voltage and current in terms of the power wave ampli- 
tudes: 

Z* a + Z R b 

V = R , , (4.61a) 



b 



(4.61b) 



Then the power delivered to the load can be expressed as 

Pl = ^Re {VI*} = -^-Re jz* \a\ 2 - Z\ab* + Z R a*b - Z R \b\ 2 } 

= I| fl | 2 -I|£| 2 , (4.62) 

since the quantity ZRa*b — Z R ab*is pure imaginary. Once again we have the satisfying 
result that the load power is the difference between the powers of the incident and reflected 
power waves. It is important to note that this result is valid for any reference impedance Zr. 

The reflection coefficient, V p , for the reflected power wave can be found by using 
(4.60) and the fact that V — Z L I at the load: 

b V - Z%I Z L - Z* 

r p = = ^- = — ^. (4.63) 

p a V + ZrI Z l + Zr 

Observe that this reflection coefficient reduces to our usual voltage reflection coefficient 
of (2.35) when Zr — Zq is a real characteristic impedance. Equation (4.63) suggests that 
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choosing the reference impedance as the conjugate of the load impedance [5], 

Zr = Z* l , (4.64) 

will have the useful effect of making the reflected power wave amplitude go to zero. 1 

From basic circuit theory, the voltage, current, and load power for the circuit of 
Figure 4.10 are 

z l Vo Vq Rl .. , . 

V — Vo , / = , P L = — ~, (4.65a, b, c) 

Z L + Z g Z L + Z g 2 \z L + Z g \ 

where Zl = Rl + JXl- Then the power wave amplitudes can be found from (4.60), with 
Z R = Z* L , as 



V + Z R I Z l + Z g Z l + Zg V^L 

Vq— s - s - = V 0 , (4.66a) 



2JRr~ 2V^R Z L + Z g 



z L + z g 


+ z L + z g 


2. 


/Rr 


Z L 


Zl 


z L + z g 


z L + z g 



V — Z I 

b = -A- = V 0 -^ — s - - - ' — s - = 0. (4.66b) 

2^ 

From (4.62) the power delivered to the load is 

1 ? v n 



2 2 \ZL + Z g \ 2 ' 

in agreement with (4.65c). 

When the load is conjugately matched to the generator, so that Z g = Z* L , we have 
Pl — /%Rl- Note that selecting the reference impedance as Zr — Z* L results in the 
condition that b — 0 (and Y p = 0), but this does not necessarily mean that the load is 
conjugately matched to the generator, nor that maximum power is delivered to the load. 
The incident power wave amplitude of (4.66a) depends on Zl and Z g , and is maximum 
only when Z g = Z* L . 

To define the scattering matrix for power waves for an Alport network, we assume 
the reference impedance for port i is Zr, . Then, analogous to (4.60), we define the power 
wave amplitude vectors in terms of the total voltage and current vectors: 

[a] = [F] ([V] + [Z R ] [I]) , (4.67a) 

lb] = [F] ([V] - [Zr]* [I]) , (4.67b) 

where [F] is a diagonal matrix with elements 1 /2^/Re {Z«, } and [Zr] is a diagonal matrix 
with elements Zri. By the impedance matrix relation that [V] — [Z] [/], (4.67) can be 
written as 

lb] = IF] ([Z] - [Z«f ) ([Z] + IZ R ])- 1 IF]~ 1 [a]. 
Because the scattering matrix for power waves, [S p ~\, should relate lb] to [a], we have 

[S p ] = IF] ([Z] - IZr]*) ([Z] + IZr])~ 1 IF]- 1 . (4.68) 



Some authors choose the reference impedance equal to the generator impedance. This has the same effect as 
(4.64) when the generator and load are conjugately matched, but the choice of (4.64) leads to a zero reflected 
wave even when the conjugate matching condition is not satisfied, and so can be more useful in general. 
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The ordinary scattering matrix for a network can first be converted to an impedance matrix, 
using a relation similar to (4.45), then converted to the generalized power wave scattering 
matrix using (4.68). The generalized scattering matrix has the useful property that the 
diagonal elements can be made to be zero by proper selection of the reference impedances. 



POINT OF INTEREST: The Vector Network Analyzer 

The scattering parameters of passive and active networks can be measured with a vector network 
analyzer, which is a two-channel (or four-channel) microwave receiver designed to process the 
magnitude and phase of the transmitted and reflected waves from the network. A simplified 
block diagram of a network analyzer is shown in the accompanying figure. In operation, the RF 
source is usually set to sweep over a specified bandwidth. A four-port reflectometer samples the 
incident, reflected, and transmitted RF waves; a switch allows the network to be driven from 
either port 1 or port 2. Four dual-conversion channels convert these signals to 100-kHz IF fre- 
quencies, which are then detected and converted to digital form. An internal computer is used to 
calculate and display the magnitude and phase of the scattering parameters or other quantities 
that can be derived from these data, such as SWR, return loss, group delay, impedance, etc. An 
important feature of the network analyzer is the substantial improvement in accuracy made pos- 
sible with error-correcting software. Errors caused by directional coupler mismatch, imperfect 
directivity, loss, and variations in the frequency response of the analyzer system are accounted 
for by using a 12-term error model and a calibration procedure. Another useful feature is the 
ability to determine the time-domain response of the network by calculating the inverse Fourier 
transform of the frequency-domain data. 
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THE TRANSMISSION (ABCD) MATRIX 

The Z, Y, and S parameter representations can be used to characterize a microwave net- 
work with an arbitrary number of ports, but in practice many microwave networks consist 
of a cascade connection of two or more two-port networks. In this case it is convenient 
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FIGURE 4.11 (a) A two-port network; (b) a cascade connection of two-port networks. 

to define a 2 x 2 transmission, or ABCD, matrix, for each two-port network. We will see 
that the ABCD matrix of the cascade connection of two or more two-port networks can be 
easily found by multiplying the ABCD matrices of the individual two-ports. 

The ABCD matrix is defined for a two-port network in terms of the total voltages and 
currents as shown in Figure 4.1 la and the following: 

Vi = AV 2 + BI 2 , 
/l = CV 2 + Dh, 

or in matrix form as 



"Vi" 




'A B~ 




~v 2 ~ 


_h_ 




C D 




. 7 2_ 



(4.69) 



It is important to note from Figure 4.11a that a change in the sign convention of I 2 
has been made from our previous definitions, which had I 2 as the current flowing into 
port 2. The convention that I 2 flows out of port 2 will be used when dealing with ABCD 
matrices so that in a cascade network I 2 will be the same current that flows into the adjacent 
network, as shown in Figure 4.1 lb. Then the left-hand side of (4.69) represents the voltage 
and current at port 1 of the network, while the column on the right-hand side of (4.69) 
represents the voltage and current at port 2. 

In the cascade connection of two two-port networks shown in Figure 4.11b we have 

that 



~Vi~ 










~v 2 ~ 


_h_ 




_ C i 


D K 






~v 2 ~ 




' A 2 


B 2 ~ 




~v 3 ~ 






_ C 2 


D 2 _ 




_ 7 3_ 



(4.70ab) 



Substituting (4.70b) into (4.70a) gives 



"Vi" 




"Ai Bi~ 




"A 2 


B 2 




~v 3 ~ 


_h_ 




_Ci Ci_ 




. C 2 


D 2 _ 







(4.71) 



which shows that the ABCD matrix of the cascade connection of the two networks is equal 
to the product of the ABCD matrices representing the individual two-ports. Note that the 
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TABLE 4.1 ABCD Parameters of Some Useful Two-Port Circuits 



Circuit 



ABCD Parameters 



-o 
-o 



A = 1 
C = 0 



A = 1 
C = ¥ 



A = cos fit 
C = 7T 0 sin/ 



B = Z 
»= 1 



S = 0 
O = 1 



B = jZ 0 sin fit 
D = cos 



A—N 
C = 0 



0 
1 



= 1 + 



A 

C=Y l + Y 2 + 



*3 



^3 



1 

s = — 
D= 1 + 



^3 



= i + 
l 



Z3 



5 = Z x + Z 2 + 



0= 1 + 



Z2 

z 3 



ZiZ 2 

z 3 




order of multiplication of the matrix must be the same as the order in which the networks 
are arranged since matrix multiplication is not, in general, commutative. 

The usefulness of the ABCD matrix representation lies in the fact that a library of 
ABCD matrices for elementary two-port networks can be built up, and applied in building- 
block fashion to more complicated microwave networks that consist of cascades of these 
simpler two-ports. Table 4.1 lists a number of useful two-port networks and their ABCD 
matrices. 



EXAMPLE 4.6 EVALUATION OF ABCD PARAMETERS 

Find the ABCD parameters of a two-port network consisting of a series impedance 
Z between ports 1 and 2 (the first entry in Table 4.1). 



Solution 

From the defining relations of (4.69), we have that 



V 2 
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which indicates that A is found by applying a voltage V\ at port 1, and measuring 
the open-circuit voltage V 2 at port 2. Thus, A — I. Similarly, 



B = 
C = 
D = 



Yl 

h 
h 

h 

h 



v 2 =o V 1 /Z 

= 0, 

/ 2 =o 

v 2 =o 7 i 



= Z, 



Relation to Impedance Matrix 



The impedance parameters of a network can be easily converted to ABCD parameters. 
Thus, from the definition of the ABCD parameters in (4.69), and from the defining relations 
for the Z parameters of (4.25) for a two-port network with I 2 to be consistent with the sign 
convention used with ABCD parameters, 



we have that 



A = 



B = 



Vi 
V 2 

Vi 

h 



= Zn 

_ h 

v 2 



D 



h 

h 



Vi -- 

v 2 - 

hZ n 



z hZu — hZ\2, 
- hZ 2 \ — I 2 Z 22 , 

= Z\\/Z 2 \, 



1 2=0 

v 2 =o 
h Z 22 
hZ 2X 

I 2 =Q 
V 2 =0 



hZ 2l 

hZ\\ - l 2 Z\ 2 



Zl2 = 

h 



7 h 
= Zn — 

V 2 =0 l 2 

Z\\Z 22 - Z\ 2 Z 2 \ 



Zn 



v 2 =o 



Z21 



/1Z21 
hZ 22 /Z 2 \ 



I/Z21, 



Z22/Z21. 



(4.72a) 
(4.72b) 

(4.73a) 



(4.73b) 
(4.73c) 

(4.73d) 



If the network is reciprocal, then Z\ 2 — Z 2 \ and (4.73) can be used to show that AD — 
BC - 1. 



Equivalent Circuits for Two-Port Networks 

The special case of a two-port microwave network occurs so frequently in practice that it 
deserves further attention. Here we will discuss the use of equivalent circuits to represent 
an arbitrary two-port network. Useful conversions between two-port network parameters 
are given in Table 4.2. 

Figure 4.12a shows a transition between a coaxial line and a microstrip line, and is 
an example of a two-port network. Terminal planes can be defined at arbitrary points on 
the two transmission lines; a convenient choice might be as shown in the figure. However, 
because of the physical discontinuity in the transition from a coaxial line to a microstrip 
line, electric and/or magnetic energy can be stored in the vicinity of the junction, leading 
to reactive effects. Characterization of such effects can be obtained by measurement or 
by numerical analysis (such analysis may be quite complicated), and represented by the 
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FIGURE 4.12 



(c) 

A coax-to-microstrip transition and equivalent circuit representations, (a) Geom- 
etry of the transition, (b) Representation of the transition by a "black box." 
(c) A possible equivalent circuit for the transition [6]. 



two-port "black box" shown in Figure 4.12b. The properties of the transition can then be 
expressed in terms of the network parameters (Z, Y, S, or ABCD) of the two-port network. 
This type of treatment can be applied to a variety of two-port junctions, such as transitions 
from one type of transmission line to another, transmission line discontinuities such as 
step changes in width or bends, etc. When modeling a microwave junction in this way, it 
is often useful to replace the two-port "black box" with an equivalent circuit containing 
a few idealized components, as shown in Figure 4.12c. This is particularly useful if the 
component values can be related to some physical features of the actual junction. There 
is an unlimited number of ways in which such equivalent circuits can be defined; we will 
discuss some of the most common and useful types below. 

As we have seen, an arbitrary two-port network can be described in terms of impedance 
parameters as 



Vi =Znh + Z 12 h, 
V2 — Z 2 \h + Z22/2, 

or in terms of admittance parameters as 

h = Y n V 1 + Y 12 V 2 , 
h = Y21V1 + Y 22 V 2 . 



(4.74a) 



(4.74b) 



If the network is reciprocal, then Z12 = Z21 and F12 = Y 2 i- These representations lead 
naturally to theTandjr equivalent circuits shown inFigures4.13aand4.13b. The relations 
in Table 4.2 can be used to relate the component values to other network parameters. 

Other equivalent circuits can also be used to represent a two-port network. If the 
network is reciprocal, there are six degrees of freedom (the real and imaginary parts of 
three matrix elements), so the equivalent circuit should have six independent parameters. 
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FIGURE 4.13 Equivalent circuits for a reciprocal two-port network, (a) T equivalent, (b) ji equi- 
valent. 



A nonreciprocal network cannot be represented by a passive equivalent circuit using recip- 
rocal elements. 

If the network is lossless, which is a good approximation for many practical two- 
port junctions, some simplifications can be made in the equivalent circuit. As was shown 
in Section 4.2, the impedance or admittance matrix elements are purely imaginary for a 
lossless network. This reduces the degrees of freedom for such a network to three, and 
implies that the T and 7t equivalent circuits of Figure 4.13 can be constructed from purely 
reactive elements. 

SIGNAL FLOW GRAPHS 

We have seen how transmitted and reflected waves can be represented by scattering 
parameters, and how the interconnection of sources, networks, and loads can be treated 
with various matrix representations. In this section we discuss the signal flow graph, which 
is an additional technique that is very useful for the analysis of microwave networks in 
terms of transmitted and reflected waves. We first discuss the features and the construction 
of the flow graph itself, and then present a technique for the reduction, or solution, of the 
flow graph. 

The primary components of a signal flow graph are nodes and branches: 

• Nodes: Each port ; of a microwave network has two nodes, a, and bj. Node a, 
is identified with a wave entering port i, while node /?, is identified with a wave 
reflected from port ;'. The voltage at a node is equal to the sum of all signals entering 
that node. 

• Branches: A branch is a directed path between two nodes representing signal flow 
from one node to another. Every branch has an associated scattering parameter or 
reflection coefficient. 

At this point it is useful to consider the flow graph of an arbitrary two-port network, as 
shown in Figure 4.14. Figure 4.14a shows a two-port network with incident and reflected 
waves at each port, and Figure 4.14b shows the corresponding signal flow graph represen- 
tation. The flow graph gives an intuitive graphical illustration of the network behavior. 

For example, a wave of amplitude a\ incident at port 1 is split, with part going through 
S\\ and out port 1 as a reflected wave, and part transmitted through S21 to node bi. 



Port 
1 



(a) 
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FIGURE 4.14 The signal flow graph representation of a two-port network, (a) Definition of inci- 
dent and reflected waves, (b) Signal flow graph. 

At node bi, the wave goes out port 2; if a load with nonzero reflection coefficient is con- 
nected at port 2, this wave will be at least partly reflected and reenter the two-port network 
at node a%. Part of this wave can be reflected back out port 2 via Sn, and part can be 
transmitted out port 1 through S12. 

Two other special networks — a one-port network and a voltage source — are shown in 
Figure 4.15, along with their signal flow graph representations. Once a microwave network 
has been represented in signal flow graph form, it is a relatively easy matter to solve for the 
ratio of any combination of wave amplitudes. We will discuss how this can be done using 
four basic decomposition rules, but the same results can also be obtained using Mason's 
rule from control system theory. 



Decomposition of Signal Flow Graphs 

A signal flow graph can be reduced to a single branch between two nodes using the fol- 
lowing four basic decomposition rules to obtain any desired wave amplitude ratio. 

• Rule 1 (Series Rule). Two branches, whose common node has only one incoming 
and one outgoing wave (branches in series), may be combined to form a single 
branch whose coefficient is the product of the coefficients of the original branches. 




(a) 



V, 



-DIP— b 

5 °— w 



(b) 



FIGURE 4.15 The signal flow graph representations of a one-port network and a source, (a) A 
one-port network and its flow graph, (b) A source and its flow graph. 
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Decomposition rules, (a) Series rule, (b) Parallel rule, (c) Self-loop rule, (d) Split- 
ting rule. 



Figure 4.16a shows the flow graphs for this rule. Its derivation follows from the 
basic relation 



V3 = S32V2 — S32S21V1. 



(4.75) 



• Rule 2 (Parallel Rule). Two branches from one common node to another common 
node (branches in parallel) may be combined into a single branch whose coefficient 
is the sum of the coefficients of the original branches. Figure 4.16b shows the flow 
graphs for this rule. The derivation follows from the obvious relation 



V 2 = S a Vi + S b Vi = (S a +S b )Vi. 



(4.76) 



• Rule 3 (Self-Loop Rule). When a node has a self -loop (a branch that begins and ends 
on the same node) of coefficient S, the self-loop can be eliminated by multiplying 
coefficients of the branches feeding that node by 1/(1 — S). Figure 4. 16c shows the 
flow graphs for this rule, which can be derived as follows. From the original network 
we have 



V 2 = S 2l Vi- 

^3 = S32 y 2 - 



s 22 v 2 , 



Eliminating V 2 gives 



V3 



S32S21 

l-5 22 



Vi, 



(4.77a) 
(4.77b) 

(4.78) 



which is seen to be the transfer function for the reduced graph of Figure 4.16c. 
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FIGURE 4.17 A terminated two-port network. 




• Rule 4 (Splitting Rule). A node may be split into two separate nodes as long as the 
resulting flow graph contains, once and only once, each combination of separate 
(not self-loops) input and output branches that connect to the original node. This 
rule is illustrated in Figure 4.16d and follows from the observation that 

V A = S 42 V 2 = S21S42V1 (4 ' 79) 
in both the original flow graph and the flow graph with the split node. 
We now illustrate the use of each of these rules with an example. 

EXAMPLE 4.7 APPLICATION OF SIGNAL FLOW GRAPH 

Use signal flow graphs to derive expressions for Ti n and r out for the microwave 
network shown in Figure 4.17. 

Solution 

The signal flow graph for the circuit of Figure 4.17 is shown in Figure 4.18. In 
terms of node voltages, r,-„ is given by the ratio b\la\. The first two steps of the 
required decomposition of the flow graph are shown in Figures 4.19a and 4.19b, 
from which the desired result follows by inspection: 



Tin = — = S\\ 



1 — SnYt 



Next, T out is given by the ratio b 2 la 2 - The first two steps for this decomposition 
are shown in Figures 4.19c and 4.19d. The desired result is 



b 2 

Tout = — — S22 
a 2 



1-Snr s 



Application to Thru-Reflect-Lin Network Analyzer Calibration 

As a further application of signal flow graphs we consider the calibration of a network 
analyzer using the Thru-Reflect-Line (TRL) technique [7]. The general problem is shown in 
Figure 4.20, where it is intended to measure the scattering parameters of a two-port device 




FIGURE 4.18 Signal flow graph for the two-port network with general source and load impe- 
dances of Figure 4.17. 



198 Chapter 4: Microwave Network Analysis 




«1 1 - S 22 T t b 2 

-o > a 



(b) 




— > 9— 



5 12 <3 2 

(d) 

FIGURE 4.19 Decompositions of the flow graph of Figure 4.18 to find r; n = b\ja\ and r ou t = 
£>2/ a 2- ( a ) Using Rule 4 on node ai- (b) Using Rule 3 for the self-loop at node £>2- 
(c) Using Rule 4 on node b\ . (d) Using Rule 3 for the self-loop at node a\ . 

at the indicated reference planes. As discussed in the previous Point of Interest, a network 
analyzer measures scattering parameters as ratios of complex voltage amplitudes. The pri- 
mary reference plane for such measurements is generally at some point within the analyzer 
itself, so the measurement will include losses and phase delays caused by the effects of the 
connectors, cables, and transitions that must be used to connect the device under test (DUT) 
to the analyzer. In the block diagram of Figure 4.20 these effects are lumped together in a 
two-port error box placed at each port between the actual measurement reference plane and 
the desired reference plane for the two-port DUT. A calibration procedure is used to char- 
acterize the error boxes before measurement of the DUT; then the actual error-corrected 
scattering parameters of the DUT can be calculated from the measured data. Measurement 
of a one-port network can be considered as a reduced version of the two-port case. 

The simplest way to calibrate a network analyzer is to use three or more known loads, 
such as shorts, opens, and matched loads. The problem with this approach is that such 
standards are always imperfect to some degree, and therefore introduce errors into the 
measurement. These errors become increasingly significant at higher frequencies and as 
the quality of the measurement system improves. The TRL calibration scheme does not 
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FIGURE 4.20 Block diagram of a network analyzer measurement of a two-port device. 
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rely on known standard loads, but uses three simple connections to allow the error boxes 
to be characterized completely. These three connections are shown in Figure 4.21. The 
Thru connection is made by directly connecting port 1 to port 2 at the desired reference 
planes. The Reflect connection uses a load having a large reflection coefficient, Tl, such 
as a nominal open or short. It is not necessary to know the exact value of r^, as this will 
be determined by the TRL calibration procedure. The Line connection involves connecting 
ports 1 and 3 together through a length of matched transmission line. It is not necessary to 
know the length of the line, and it is not required that the line be lossless; these parameters 
will be determined by the TRL procedure. 

We can use signal flow graphs to derive the set of equations necessary to find the scat- 
tering parameters for the error boxes in the TRL calibration procedure. With reference to 
Figure 4.20, we will apply the Thru, Reflect, and Line connections at the reference plane for 
the DUT, and measure the scattering parameters for these three cases at the measurement 
planes. For simplicity, we assume the same characteristic impedance for ports 1 and 2, and 
that the error boxes are reciprocal and identical for both ports. The error boxes are charac- 
terized by a scattering matrix [S] and, alternatively, by an ABCD matrix. Thus S21 = S12 
for both error boxes. Also note that ports 1 and 2 of the error boxes are in opposite posi- 
tions since they are symmetrically connected, as shown in the figure. To avoid confusion in 
notation we will denote the measured scattering parameters for the Thru, Reflect, and Line 
connections as the [T], [R], and [L] matrices, respectively. 

Figure 4.21a shows the arrangement for the Thru connection and the corresponding 
signal flow graph. Observe that we have made use of the fact that 52 1 = 5i2 and that the 
error boxes are identical and symmetrically arranged. The signal flow graph can be easily 
reduced using the decomposition rules to give the measured scattering parameters at the 
measurement planes in terms of the scattering parameters of the error boxes as 
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T12 
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= 5n 
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S22SI2 
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(4.80a) 
(4.80b ) 



By symmetry we have T22 = Tn, and by reciprocity we have T21 = T\2- 
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FIGURE 4.21a Block diagram and signal flow graph for the Thru connection. 
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FIGURE 4.21b Block diagram and signal flow graph for the Reflect connection. 



The Reflect connection is shown in Figure 4.21b, with the corresponding signal flow 
graph. Note that this arrangement effectively decouples the two measurement ports, so 
R l2 — /?2i = 0. The signal flow graph can be easily reduced to show that 



Ru = 



a 2 =0 1 - S 22 T L ' 



(4.81) 



By symmetry we have R22 — Rn- 

The Line connection is shown in Figure 4.21c, with its corresponding signal flow 
graph. A reduction similar to that used for the Thru case gives 

s 2 2S 2 u e- 2 y l 



<n 
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a 2 



Sn + 



a 2 =0 
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l-S&e-W 



(4.82a) 
(4.82b) 
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FIGURE 4.21c Block diagram and signal flow graph for the Line connection. 
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By symmetry and reciprocity we have L22 — Ln and L21 = L\ 2 . 

We now have five equations (4.80)-(4.82) for the five unknowns Sn, S12, S 22 , ^L, 
and e yl ; the solution is straightforward but lengthy. Because (4.81) is the only equation 
that contains Vi, we can first solve the four equations in (4.80) and (4.82) for the other 
four unknowns. Equation (4.80b) can be used to eliminate S12 from (4.80a) and (4.82), 
and then Sn can be eliminated from (4.80a) and (4.82a). This leaves two equations for S22 
ande^: 

L l2 e 2yl - L l2 Sl 2 = T l2 e yl - T\2S\ 1 e yl , (4.83a) 
e 2yi (Tn _ S22Tu) _ TnS 2 2 = Ln ( g 2 y e _ 5 | 2 ) _ s 22 T l2 . (4.83b) 

Equation (4.83a) can be solved for S22 an d substituted into (4.83b) to give a quadratic 
equation for e yl . Application of the quadratic formula then gives the solution for e yl in 
terms of the measured TRL scattering parameters as 



2^12^12 



The choice of sign can be determined by the requirement that the real and imaginary parts 
of y De positive, or by knowing the phase of [as determined from (4.83)] to within 
180°. 

Now multiply (4.80b) by S22 an d subtract from (4.80a) to get 

T n = S U + S22T12, (4.85a) 
and similarly multiply (4.82b) by S 22 e~ vl and subtract from (4.82a) to get 

L n = Su + S 2 2Lne- yi . (4.85b) 
Eliminating Sn from these two equations gives S22 m terms of e~ yl as 

5 22 = T Tll ~ LU _ yr (4.86) 
T\2 - L X2 e y l 

Solving (4.85a) for S\\ gives 

Sii=2h-,S22ri2, (4.87) 

and solving (4.80b) for S12 gives 

S\ 2 = ri2(l - 5 2 2 2 ). (4.88) 
Finally, (4.81) can be solved for to give 

Rn - S n 

r L = — 2 • (4.89) 

S l2 + S 22 (Rn — Sn) 

Equations (4.84) and (4.86)-(4.89) give the scattering parameters for the error boxes, as 
well as the unknown reflection coefficient (to within the sign), and the propagation 
factor e~ yl . This completes the calibration procedure for the TRL method. 

The scattering parameters of the DUT can now be measured at the measurement refer- 
ence planes shown in Figure 4.20, and corrected using the above TRL error box parameters 



202 Chapter 4: Microwave Network Analysis 



to give the scattering parameters at the reference planes of the DUT. Because we are work- 
ing with a cascade of three two-port networks, it is convenient to use ABCD parameters. 
Thus, we convert the error box scattering parameters to the corresponding ABCD param- 
eters, and convert the measured scattering parameters of the cascade to the corresponding 
A m B m C m D m parameters . if we use A'B'C'D' to denote the parameters for the DUT, then 
we have 
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where the change in the elements of the last matrix account for the reversal of ports for 
the error box at port 2 of the DUT (see Problem 4.25). Then the ABCD parameters for the 
DUT can be determined as 
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POINT OF INTEREST: Computer- Aided Design for Microwave Circuits 

Computer-aided design (CAD) software packages have become essential tools for the analysis, 
design, and optimization of RF and microwave circuits and systems. Several microwave CAD 
products are commercially available, including Microwave Office (Applied Wave Research), 
ADS (Agilent Technologies), Microwave Studio (CST), Designer (Ansoft), and many others. 
RF and microwave CAD packages can be divided into two types: those that use "physics-based" 
solutions, where Maxwell's equations are numerically solved for physical geometries such as 
printed circuit geometries or waveguides, and "circuit-based" solutions, which use equivalent 
circuits for various elements, including distributed elements, discontinuities, coupled lines, and 
active devices. Some packages combine these two approaches. Both linear and nonlinear mod- 
eling, as well as circuit optimization, are generally possible. Although such computer programs 
can be fast, powerful, and accurate, they cannot serve as a substitute for engineering experience 
and a good understanding of microwave principles. 

A typical design process usually begins with specifications or design goals for the circuit or 
system. Based on previous designs and his or her experience, an engineer can develop an initial 
design, including specific components and a circuit layout. CAD can then be used to model and 
analyze the design, using data for each of the components and including effects such as loss and 
discontinuities. The software can be used to optimize the design by adjusting some of the circuit 
parameters to achieve the best performance. If the specifications are not met, the design may 
have to be revised. CAD tools can also be used to study the effects of component tolerances and 
errors to improve circuit reliability and robustness. When the design meets the specifications, an 
engineering prototype can be built and tested. If the measured results satisfy the specifications, 
the design process is completed. Otherwise the design will need to be revised and the procedure 
repeated. 

Without CAD tools the design process would require the construction and measurement 
of laboratory prototypes at each iteration, which is expensive and time consuming. Thus, CAD 
can greatly decrease the time and cost of a design while enhancing its quality. The simulation 
and optimization process is especially important for monolithic microwave integrated circuits 
because these circuits cannot easily be tuned or trimmed after fabrication. 

CAD techniques are not without limitations, however. Of primary importance is the fact 
that any computer model is only an approximation to a "real-world" physical circuit and cannot 
completely account for the inevitable differences due to component and fabrication tolerances, 
surface roughness, spurious coupling, higher order modes, junction discontinuities, thermal 
effects, and a number of other practical issues that can occur with a physical circuit or device. 
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DISCONTINUITIES AND MODAL ANALYSIS 

By either necessity or design, microwave circuits and networks often consist of transmis- 
sion lines with various types of discontinuities. In some cases discontinuities are an un- 
avoidable result of mechanical or electrical transitions from one medium to another (e.g., 
a junction between two waveguides, or a coax-to-microstrip transition), and the discon- 
tinuity effect is unwanted but may be significant enough to warrant characterization. In 
other cases discontinuities may be deliberately introduced into the circuit to perform a cer- 
tain electrical function (e.g., reactive diaphragms in waveguide, or stubs on a microstrip 
line for matching or filter circuits). In any event, a transmission line discontinuity can 
be represented as an equivalent circuit at some point on the transmission line. Depend- 
ing on the type of discontinuity, the equivalent circuit may be a simple shunt or series 
element across the line or, in the more general case, a T- or 7t -equivalent circuit may be 
required. The component values of an equivalent circuit depend on the parameters of the 
line and the discontinuity, as well as on the frequency of operation. In some cases the 
equivalent circuit involves a shift in the phase reference planes on the transmission lines. 
Once the equivalent circuit of a given discontinuity is known, its effect can be incorporated 
into the analysis or design of the network using the theory developed previously in this 
chapter. 

The purpose of the present section is to discuss how equivalent circuits are obtained 
for transmission line discontinuities; we will see that one approach is to start with a field 
theory solution to a canonical discontinuity problem and develop a circuit model with 
component values. This is thus another example of our objective of replacing complicated 
field analyses with circuit concepts. In other cases, it may be easier to measure the network 
parameters of an isolated discontinuity. 

Figures 4.22 and 4.23 show some common transmission line discontinuities and their 
equivalent circuits. As shown in Figures 4.22a-4.22c, thin metallic diaphragms (or "irises") 
can be placed in the cross section of a waveguide to yield equivalent shunt inductance, 
capacitance, or a resonant combination. Similar effects occur with step changes in the 
height or width of the waveguide, as shown in Figures 4.22d and 4.22e. Similar disconti- 
nuities can also be made in circular waveguide. The classic reference for waveguide dis- 
continuities and their equivalent circuits is the Waveguide Handbook [8]. 

Some typical microstrip discontinuities and transitions are shown in Figure 4.23; sim- 
ilar geometries exist for stripline and other printed transmission lines such as slotline, cov- 
ered microstrip, coplanar waveguide, etc. Although approximate equivalent circuits have 
been developed for some printed transmission line discontinuities [9], many do not lend 
themselves to easy or accurate modeling, and must be treated by numerical analysis. Mod- 
ern CAD tools are usually capable of accurately modeling such problems. 



Modal Analysis of an H-Plane Step in Rectangular Waveguide 

The field analysis of most transmission line discontinuity problems is difficult, and beyond 
the scope of this book. The technique of waveguide modal analysis, however, is relatively 
straightforward and similar in principle to the reflection/transmission problems that were 
discussed in Chapters 1 and 2. In addition, modal analysis is a rigorous and versatile tech- 
nique that can be applied to a number of waveguide and coax discontinuity problems, and 
lends itself well to computer implementation. We will illustrate the technique by applying 
it to the problem of finding the equivalent circuit of an //-plane step (change in width) in 
a rectangular waveguide. 
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FIGURE 4.22 Rectangular waveguide discontinuities. 



The geometry of the //-plane waveguide step is shown in Figure 4.24. It is assumed 
that only the dominant TEio mode is propagating in guide 1 (z < 0) and is incident on the 
junction from z < 0. It is also assumed that no modes are propagating in guide 2, although 
the analysis to follow is still valid if propagation can occur in guide 2. From Section 3.3, 
the transverse components of the incident TEio mode can be written, for z < 0, as 

Ei = sm—e-M', (4.91a) 
y a 

H' = ^lsm—e-jK z , (4.91b) 
x Z\ a 

where 



(4.92) 
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FIGURE 4.23 Some common microstrip discontinuities, (a) Open-ended microstrip. (b) Gap in 



microstrip. (c) Change in width, (d) T-junction, (e) Coax-to-microstrip junction. 



is the propagation constant of the TE„o mode in guide 1 (of width a), and 

Z« = (4.93) 

" K 

is the wave impedance of the TE„o mode in guide 1 . Because of the discontinuity at z — 0 
there will be reflected and transmitted waves in both guides, consisting of infinite sets of 
TE„o modes in guides 1 and 2. Only the TEio mode will propagate in guide 1, but higher 
order modes are also important in this problem because they account for stored energy, 
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FIGURE 4.24 Geometry of an H -plane step (change in width) in a rectangular waveguide. 



localized near z — 0. Because there is no y variation introduced by this discontinuity, TE„ m 
modes for m ^ 0 are not excited, nor are any TM modes. A more general discontinuity, 
however, may excite such modes. 

The reflected modes in guide 1 may be written, for z < 0, as 



where A n is the unknown amplitude coefficient of the reflected TE„o mode in guide 1. 
The reflection coefficient of the incident TEio mode is then A[. Similarly, the transmitted 
modes into guide 2 can be written, for z > 0, as 




(4.94a) 



n=l 




(4.94b) 




(4.95a) 




(4.95b) 



where the propagation constant in guide 2 is 




(4.96) 



and the wave impedance in guide 2 is 



c _ Mo 

" ~ ac ■ 



(4.97) 
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At z — 0, the transverse fields (E y , H x ) must be continuous for 0 < x < c ; in addi- 
tion, E y must be zero for c < x < a because of the step. Enforcing these boundary condi- 
tions leads to the following equations: 



oo 

7TX mt^ njtx 

sin 

a 

n=l 



. nx 

E y — sin V 2_^A n \ 



oo 

nnx 



Erui Ji 
B„ sin for 0 < x < c, 

c (4.98a) 

0=1 

0 for c < x < a, 



^ = — sin — + > — sin = - V — sin for 0 < x < c. (4.98b) 

Z? a ^ Z« a ^ Z£ c 

Equations (4.98a) and (4.98b) constitute a doubly infinite set of linear equations for the 
modal coefficients A„ and B n . We will first eliminate the B n and then truncate the resulting 
equation to a finite number of terms and solve for the A n . 

Multiplying (4.98a) by sin(m7rx/a), integrating from x — 0 to a, and using the or- 
thogonality relations from Appendix D yields 

oo oo 

y>m\ + ^A m = B„I mn = Bklmk, (4.99) 
n=l k=l 



where 



f c mjtx nnx 
I mn — I sin sin dx (4.100) 

Jx=0 a c 

is an integral that can be easily evaluated, and 

[ 1 if m =n .. 
S - = ( 0 ifm*« (4 ' 101) 

is the Kronecker delta symbol. Now solve (4.98b) for B\ by multiplying (4.98b) by 
sin(fejrx/c) and integrating from x — 0 to c. After using orthogonality relations, we ob- 
tain 

— 1 A„ —cBh 

1 „_.] n k 

Substituting Bt from (4.102) into (4.99) gives an infinite set of linear equations for the A n , 
where m — 1, 2, . . . , 

a ^^-^IZlImkhnAn ^ 2Z c k I m kh\ a 

2^+2-2- ^ = 2_ ~ " 2^ ml - (4 ' 103) 

n=\k=\ n k=l 1 

For numerical calculation we can truncate these summations to N terms, which will result 
in N linear equations for the first N coefficients, A n . For example, let N = 1. Then (4.103) 
reduces to 

a 2Zf /?, 2Z?/, 2 , a 

-Ai + — — Ai = — 5-^--. (4.104) 
2 1 cZ? 1 cZ? 2 V 7 

Solving for Ai (the reflection coefficient of the incident TEio mode) gives 

Ai = Z 7 l ~ Z 7 \ for N = I, (4.105) 
Zl + Zj 
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where Zi — AZ^lfjac, which looks like an effective load impedance to guide 1. Accuracy 
is improved by using larger values of N and leads to a set of equations that can be written 
in matrix form as 

[fi][A] = [P], (4.106) 
where [Q] is a square N x N matrix of coefficients, 

Q mn = a ^ m n+Y, 27 ^^, (4.107) 

[P] is an N x 1 column vector of coefficients given by 

E2ZlI m thi a 
cZ° 2 SmU (4 ' 108) 

k=l 1 

and [A] is an N x 1 column vector of the coefficients A n . After the A n are found, the B n 
can be calculated from (4. 102), if desired. Equations (4. 106)-(4. 108) lend themselves well 
to computer implementation, and Figure 4.25 shows the results of such a calculation for 
various matrix sizes. 

If the width c of guide 2 is such that all modes are cut off (evanescent), then no real 
power can be transmitted into guide 2, and all the incident power is reflected back into 
guide 1. The evanescent fields on both sides of the discontinuity store reactive power, 
however, which implies that the step discontinuity and guide 2 beyond the discontinuity 
look like a reactance (in this case an inductive reactance) to an incident TE\q mode in 
guide 1 . Thus the equivalent circuit of the //-plane step looks like a shunt inductor at the 
z — 0 plane of guide 1, as shown in Figure 4.22e. The equivalent reactance can be found 
from the reflection coefficient Ai [after solving (4.106)] as 

X = -jZ a l - -i. (4.109) 

1 - A\ 

Figure 4.25 shows the normalized equivalent inductance versus the ratio of the guide 
widths cla for a free-space wavelength X — 1.4a and for N = 1,2, and 10 equations. The 




cla 

FIGURE 4.25 Equivalent inductance of an //-plane asymmetric step. 
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modal analysis results are compared to data from reference [8]. Note that the solution con- 
verges very quickly (because of the fast exponential decay of the higher order evanescent 
modes), and that the result using just two modes is very close to the data of reference [8]. 

The fact that the //-plane step appears inductive is a result of the actual value of the 
reflection coefficient, Ai, but we can verify the inductive nature of the discontinuity by 
computing the complex power flow into the evanescent modes on either side of the discon- 
tinuity. For example, the complex power flow into guide 2 can be found as 



P = f f E x H 

Jx=Q Jy=Q 

= -b f E y H*dx 

Jx=0 
J x 



z=0+ 



■ zdxdy 



EB1 . mux 
Tr-sin 



7C* 

m=l m 



dx 



_bc^\B n 
9 £—> 



1 n=\ Z " 



jbc 

2kQT]0 



£|£n| 2 |£„ C |, 



(4.110) 



n=\ 




where the orthogonality property of the sine functions was used, as well as (4.95)-(4.97). 
Equation (4.110) shows that the complex power flow into guide 2 is positive imaginary, 
implying stored magnetic energy and an inductive reactance. A similar result can be de- 
rived for the evanescent modes in guide 1 ; this is left as a problem. 



POINT OF INTEREST: Microstrip Discontinuity Compensation 

Because a microstrip circuit is easy to fabricate and allows the convenient integration of pas- 
sive and active components, many types of microwave circuits and subsystems are made in 
microstrip form. One problem with microstrip circuits (and other planar circuits) is that the 
inevitable discontinuities at bends, step changes in widths, and junctions can cause degrada- 
tion in circuit performance. This is because such discontinuities introduce parasitic reactances 
that can lead to phase and amplitude errors, input and output mismatch, and possibly spurious 
coupling or radiation. One approach for eliminating such effects is to construct an equivalent 
circuit for the discontinuity (perhaps by measurement), including it in the design of the circuit, 
and compensating for its effect by adjusting other circuit parameters (such as line lengths and 
characteristic impedances, or tuning stubs). Another approach is to minimize the effect of a 
discontinuity by compensating the discontinuity directly, often by chamfering or mitering the 
conductor. 

Consider the case of a bend in a microstrip line. The straightforward right-angle bend 
shown below has a parasitic discontinuity capacitance caused by the increased conductor area 
at the corner of the bend. This effect could be eliminated by making a smooth, "swept" bend 
with a radius r > 3VK, but this takes up more space. Alternatively, the right-angle bend can be 
compensated by mitering the corner, which has the effect of reducing the excess capacitance at 
the bend. As shown later, this technique can be applied to bends of arbitrary angle. The optimum 
value of the miter length, a, depends on the characteristic impedance and the bend angle, but 
a value of a — 1.8W is often used in practice. The technique of mitering can also be used to 
compensate step and T-junction discontinuities, as shown on the next page. 
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Reference: T. C. Edwards, Foundations for Microwave Circuit Design, John Wiley & Sons, New York, 1981. 



EXCITATION OF WAVEGUIDES— ELECTRIC 
AND MAGNETIC CURRENTS 

So far we have considered the propagation, reflection, and transmission of guided waves in 
the absence of sources, but obviously the waveguide or transmission line must be coupled 
to a generator or some other source of power. For TEM or quasi-TEM lines, there is usually 
only one propagating mode that can be excited by a given source, although there may be 
reactance (stored energy) associated with a given feed. In the waveguide case, it may be 
possible for several propagating modes to be excited, along with evanescent modes that 
store energy. In this section we will develop a formalism for determining the excitation 
of a given waveguide mode due to an arbitrary electric or magnetic current source. This 
theory can then be used to find the excitation and input impedance of probe and loop feeds 
and, in the next section, to determine the excitation of waveguides by apertures. 

Current Sheets That Excite Only One Waveguide Mode 

Consider an infinitely long rectangular waveguide with a transverse sheet of electric surface 
current density at z — 0, as shown in Figure 4.26. First assume that this current has x and 
y components given as 



mnx nny 

cos sin — — 

a b 



„2A+ mjr mnx nny 

y — ^ sin cos — -. (4.111) 

a a b 



We will show that such a current excites a single TE m „ waveguide mode traveling away 
from the current source in both the +z and — z directions. 
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FIGURE 4.26 An infinitely long rectangular waveguide with surface current densities at z — 0. 
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Ht = ± 



From Table 3.2, the transverse fields for positive and negative traveling TE m „ wave- 
guide modes can be written as 

, „ (nn\ , mnx . nny ifS 
Ef = Z TE {—) A± n cos — sin -^e^ z , (4.112a) 

i /mn\ , mnx nny 
E± = -Z re ( )A±„sin cos— y -e^\ (4.112b) 

( )A* sin cos — -<? Ty/iz , (4.112c) 

= ± (— ) A±„ cos — sin ~^e^\ (4.1 12d) 

where the ± notation refers to waves traveling in the +z direction or — z direction with 
amplitude coefficients A+ n and A~ n , respectively. 

From (1.36) and (1.37), the following boundary conditions must be satisfied at z — 0: 

(E+-E-) xz = 0, (4.113a) 
zx(H + -H~) = J s . (4.113b) 

Equation (4.112a) states that the transverse components of the electric field must be con- 
tinuous at z = 0, which when applied to (4.1 12a) and (4.1 12b), gives 

^mn — A mn - (4.114) 

Equation (4.113b) states that the discontinuity in the transverse magnetic field is equal to 
the electric surface current density. Thus, the surface current density at z = 0 must be 

J, = y{H+ - H~) - x (H+-H-) 

^2A~^ n njz mux . nity „2A+ m;r . mnx nny ,„ 

= -x — — cos sin — -+y — — sin cos — -, (4.115) 

b a b a a b 

where (4.1 14) was used. This current is seen to be the same as the current of (4. 1 1 1), which 
shows, by the uniqueness theorem, that such a current will excite only the TE m „ mode 
propagating in each direction, since Maxwell's equations and all boundary conditions are 
satisfied. 

The analogous electric current that excites only the TM m „ mode can be shown to be 

-ttvi ^2B^„mn mnx nny ^2B+„nn mnx nny 

J™(x, y) = x—^ cos sin — - + y— ^ sin cos — -. (4.116) 

a a b b a b 

It is left as a problem to verify that this current excites TM m „ modes that satisfy the appro- 
priate boundary conditions. 

Similar results can be derived for magnetic surface current sheets. From (1.36) and 
(1.37) the appropriate boundary conditions are 

(£+-£") x z = M s , (4.117a) 
zx(H + -H") = 0. (4.117b) 

For a magnetic current sheet at z = 0, the TE mn waveguide mode fields of (4.112) must 
now have continuous H x and H y field components, due to (4.117b). This results in the 
condition that 

AL = -A- n . (4.118) 
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Then applying (4.1 17a) gives the source current as 

- tr —x2ZjEAt,„mit mnx nny ^2Zj^At, n nn mnx nny 

M - — sin cos — - - y — — cos sin . 

a a b b a b 

(4.119) 

The corresponding magnetic surface current that excites only the TM m „ mode can be 
shown to be 

-tw —x2B+nn . mitx nny y2B+mn mux . nny /A 

M 5 1M = — sin cos — - + - — — cos sin — -. (4.120) 

b aba a b 

These results show that a single waveguide mode can be selectively excited, to the exclu- 
sion of all other modes, by either an electric or magnetic current sheet of the appropriate 
form. In practice, however, such currents are difficult to generate and are usually only 
approximated with one or two probes or loops. In this case many modes may be excited, 
but usually most of these modes are evanescent. 



Mode Excitation from an Arbitrary Electric 
or Magnetic Current Source 

We now consider the excitation of waveguide modes by an arbitrary electric or magnetic 
current source [4]. With reference to Figure 4.27, first consider an electric current source 
J located between two transverse planes at zi and zi, which generates the fields E + , H + 
traveling in the +z direction, and the fields E~, H~ traveling in the — z direction. These 
fields can be expressed in terms of the waveguide modes as follows: 



E+ 


n 


= J2 A U*n+ze zn )e-jP» z , z>z 2 , 

n 


(4.121a) 


H+ 


= £A + H + 

n 


= A+(h n + zh zn )e-jP" z ,z > z 2 , 

n 


(4.121b) 


E~ 


= !>-£- 

n 


= J2 A n^n-ze zn )e^" z ,z<zi, 

n 


(4.121c) 


H~ 


= 2>-#- 


= Y J A-(-hn+zh zn )eif } »\z<zu 


(4.121d) 



n n 



where the single index n is used to represent any possible TE or TM mode. For a given 
current 7, we can determine the unknown amplitude A+ by using the Lorentz reciprocity 
theorem of (1.155) with M\ — Mi — 0 (since here we are only considering an electric 
current source), 

j>(E\ x H 2 - E 2 x H { ) -ds = J (E 2 • Ji - Ei • J 2 )dv, 













z 



FIGURE 4.27 An arbitrary electric or magnetic current source in an infinitely long waveguide. 
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where S is a closed surface enclosing the volume V, and £; , Hi are the fields due to the 
current source /; (for i — 1 or 2). 

To apply the reciprocity theorem to the present problem we let the volume V be the 
region between the waveguide walls and the transverse cross-section planes at z\ and z 2 . 
Then let E\ — E ± and H{ — H , depending on whether z > Z2 or z < Zi, and let £2, #2 
be the nth waveguide mode traveling in the negative z direction: 

E 2 = E~ = (e n -ze zn )e jfl " z , 
H 2 = H~ = (-h n +zh zn )e^- z . 

Substitution into the above form of the reciprocity theorem gives, with J\ — J and J 2 — 0, 

^(£ ± x H~ - E~ x i/ ± ) -ds = J E~ • Jdv. (4.122) 

The portion of the surface integral over the waveguide walls vanishes because the tan- 
gential electric field is zero there; that is, E x H ■ z = H ■ (z x E) = 0 on the waveguide 
walls. This reduces the integration to the guide cross section, So, at the planes z\ and zi. In 
addition, the waveguide modes are orthogonal over the guide cross section: 

Em x H n -ds= / (e m ± ze zn ) x (±h„ + zh zn ) ■ ids 
J So J So 

— ± / e m x h n ■ ids — 0, form ^ n. (4.123) 
J So 

Using (4.121) and (4.123) then reduces (4.122) to 

A+ f (E+ x H~ - E- x H+) ■ dS + A' f (E~ x H~ - E~ x H~) ■ ds 

E~ ■ Jdv. 



-L 

Because the second integral vanishes, this further reduces to 

A„ / [(e„ + ie zn ) x {-h n + ih zn ) - {e n - ie z „) x (h„ + zh zn )] ■ ids 

Jz2 

— — 2A+ / e n x h n ■ ids = I E~ ■ Jdv, 

J 7.2 JV 

A+ = ^ f E- ■ Jdv = ^ f {i n - ie zn ) ■ JeJ^dv, (4.124) 

"n Jv "n Jv 

P„=2 e„ x hn-ids (4.125) 
JSo 

is a normalization constant proportional to the power flow of the nth mode. 

By repeating the above procedure with E 2 — E^ and H 2 — H+, we can derive the 
amplitude of the negatively traveling waves as 

A- = ^ f E+ ■ Jdv = ^ f {e n + ze zn ) ■ Je^dv. (4.126) 

r n Jv "n Jv 



or 



where 
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These results are quite general, being applicable to any type of waveguide (includ- 
ing planar lines such as stripline and microstrip), where modal fields can be defined. Ex- 
ample 4.8 applies this theory to the problem of a probe-fed rectangular waveguide. 




EXAMPLE 4.8 PROBE-FED RECTANGULAR WAVEGUIDE 

For the probe-fed rectangular waveguide shown in Figure 4.28, determine the 
amplitudes of the forward and backward traveling TEio modes, and the input 
resistance seen by the probe. Assume that the TEio mode is the only propagating 
mode. 

Solution 

If the current probe is assumed to have an infinitesimal diameter, the source vol- 
ume current density J can be written as 

J(x, y, z) = Iq8 (x - |) S(z)y for 0 < y < b. 

From Chapter 3 the TEio modal fields can be written as 

e\ = y sin — , 
a 

—X TTX 

hi — — sin — , 
Zi a 

where Z\ — fcoW/^i is the TEio wave impedance. From (4.125) the normaliza- 
tion constant Pi is 



Pi 



irx ab 
sin — dxdy — — . 
a Zi 



2 r a r" 

7~ / / 81 

Zl J x= 0 Jy=0 

Then from (4.124) the amplitude A\ is 

A+ = — f sin —e j P lz I Q 8 (x - -) S(z)dxdydz 
Pi Jv a v 2/ 

Similarly, 
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FIGURE 4.28 A uniform current probe in a rectangular waveguide. 
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If the TEjo mode is the only propagating mode in the waveguide, then this mode 
carries all of the average power, which can be calculated for real Z\ as 

P = 1 f E+ xH+*ds+ l f E~ x H~* ■ ds 

2 JSa 2 J So 



Is, 



'So z JS 0 

E+ x H+* ■ ds 



So 

b |4 + ,2 



Jx=0Jy=0 Z l 



TCX 

sin — dxdy 

7y=U Z l a 

ab\A+\ 2 



2Zi 

If the input resistance seen looking into the probe is R{ n , and the terminal current 
is Iq, then P = so that the input resistance is 

_2P _ ab\A\\ z _ bZi 
i Q / Q z,i u 

which is real for real Z\ (corresponding to a propagating TEio mode). ■ 

A similar derivation can be carried out for a magnetic current source M (e.g., a small 
loop). This source will also generate positively and negatively traveling waves, which can 
be expressed as a superposition of waveguide modes, as in (4.121). For J\ — J2 — 0, the 
reciprocity theorem of (1.155) reduces to 

j)(E { x H 2 - E 2 x H t ) ■ ds = J (Hi M 2 -H 2 - M x )dv. (4.127) 

By following the same procedure as for the electric current case, we can derive the excita- 
tion coefficients of the nth waveguide mode as 



A n=lT f H n ■ Mdv = i- f (-h n + zh zn ) ■ Mei^dv, (4.1 
A- = 4- f H+-Mdv = ^- f (h n + zh zn ) ■ Me-j^dv, (4.1 

r n Jv Jv 



.128) 
.129) 

fn Jv 

where P n is defined in (4.125). 



EXCITATION OF WAVEGUIDES— APERTURE COUPLING 

Besides the probe and loop feeds of the previous section, waveguides and other transmis- 
sion lines can also be coupled through small apertures. One common application of such 
coupling is in directional couplers and power dividers, where power from one guide is 
coupled to another guide through small apertures in a common wall. Figure 4.29 shows 
a variety of waveguide and other transmission line configurations in which aperture cou- 
pling can be employed. We will first develop an intuitive explanation for the fact that a 
small aperture can be represented as an infinitesimal electric and/or magnetic dipole, then 
we will use the results of Section 4.7 to find the fields generated by these equivalent cur- 
rents. Our analysis will be somewhat phenomenological [4, 10]; a more advanced theory 
of aperture coupling based on the equivalence theorem can be found in reference [11]. 
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FIGURE 4.29 Various waveguide and other transmission line configurations using aperture cou- 
pling, (a) Coupling between two waveguides via an aperture in the common broad 
wall, (b) Coupling to a waveguide cavity via an aperture in a transverse wall, 
(c) Coupling between two microstrip lines via an aperture in the common ground 
plane, (d) Coupling from a waveguide to a stripline via an aperture. 



Consider Figure 4.30a, which shows the normal electric field lines near a conducting 
wall (the tangential electric field is zero near the wall). If a small aperture is cut into the 
conductor, the electric field lines will fringe through and around the aperture as shown 
in Figure 4.30b. Now consider Figure 4.30c, which shows the fringing field lines around 
two infinitesimal electric polarization currents, P e , normal to a conducting wall (without 



(a) 



(b) 




H 



FIGURE 4.30 



(d) 




Illustrating the development of equivalent electric and magnetic polarization cur- 
rents at an aperture in a conducting wall, (a) Normal electric field at a conducting 
wall, (b) Electric field lines around an aperture in a conducting wall, (c) Elec- 
tric field lines around electric polarization currents normal to a conducting wall, 
(d) Magnetic field lines near a conducting wall, (e) Magnetic field lines near an 
aperture in a conducting wall, (f) Magnetic field lines near magnetic polarization 
currents parallel to a conducting wall. 
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an aperture). The similarity of the field lines of Figures 4.30c and 4.30b suggests that an 
aperture excited by a normal electric field can be represented by two oppositely directed 
infinitesimal electric polarization currents, P e , normal to the closed conducting wall. The 
strength of this polarization current is proportional to the normal electric field; thus, 

P e - eoa e nE n S(x - x 0 )S(y - yo)$(z - zo), (4.130) 

where the proportionality constant a e is defined as the electric polarizability of the aper- 
ture, and (xq, yo, zo) are the coordinates of the center of the aperture. 

Similarly, Figure 4.30e shows the fringing of tangential magnetic field lines (the nor- 
mal magnetic field is zero at the conductor) near a small aperture. Because these field lines 
are similar to those produced by two magnetic polarization currents located parallel to 
the conducting wall (as shown in Figure 4.30f), we can conclude that the aperture can be 
replaced by two oppositely directed infinitesimal polarization currents, P m , where 

P m = -a m H,8(x - x Q )S(y - y 0 )S(z - zq). (4.131) 

In (4.131), a m is defined as the magnetic polarizability of the aperture. 

The electric and magnetic polarizabilities are constants that depend on the size and 
shape of the aperture and have been derived for a variety of simple shapes [3, 10, 11]. 
The polarizabilities for circular and rectangular apertures, which are probably the most 
commonly used shapes, are given in Table 4.3. 

We now show that the electric and magnetic polarization currents, P e and P m , can be 
related to electric and magnetic current sources, J and M, respectively. From Maxwell's 
equations (1.27a) and (1.27b) we have 

v x E = -jcofiH - M, (4.132a) 

yxfl = jmeE + J. (4.132b) 

Then using (1.15) and (1.23), which define P e and P m , we obtain 

V x E — —jw/jLoH — jcoiXQP m — M, (4.133a) 

V x H = jmeoE + jwP e + J. (4.133b) 

Thus, since M has the same role in these equations as jco(MoP m , and J has the same role 
as jcoP e , we can define equivalent currents as 

J = jcoP e , (4.134a) 

M = jcofi 0 P m . (4.134b) 

These results allow us to use the formulas of (4.124), (4.126), (4.128), and (4.129) to 
compute the fields from these currents. 



TABLE 4.3 Electric and Magnetic Polarizations 



Aperture Shape a e a m 



Round hole 


?r 3 

zr 0 
3 


3 


Rectangular slot 
(H across slot) 


irld 2 
16 


iild 2 
16 
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The above theory is approximate because of various assumptions involved in the evaluation 
of the polarizabilities, but generally it gives reasonable results for apertures that are small (where 
the term small implies small relative to an electrical wavelength), and not located too close to 
edges or corners of the guide. In addition, it is important to realize that the equivalent dipoles 
given by (4.130) and (4.131) radiate in the presence of the conducting wall to give the fields 
transmitted through the aperture. The fields on the input side of the conducting wall are also 
affected by the presence of the aperture, and this effect is accounted for by the equivalent dipoles 
on the incident side of the conductor (which are the negative of those on the output side). In this 
way, continuity of tangential fields is preserved across the aperture. In both cases, the presence 
of the (closed) conducting wall can be accounted for by using image theory to remove the wall 
and double the strength of the dipoles. These details will be clarified by applying this theory to 
apertures in transverse and broad walls of waveguides. 

Coupling Through an Aperture in a Transverse Waveguide Wall 

Consider a small circular aperture centered in the transverse wall of a waveguide, as shown 
in Figure 4.31a. Assume that only the TEio mode propagates in the guide, and is incident 
on the transverse wall from z < 0. Then, if the aperture is assumed to be closed, as in 
Figure 4.31b, the standing wave fields in the region z < 0 can be written as 

E y = A(e-j? z - e ifiz ) sin — , (4.135a) 

a 

H x = — (e-j^ + e ifSz ) sin — , (4.135b) 
Zio a 

where ft and Zio are the propagation constant and wave impedance of the TEio mode. From 
(4.130) and (4.131) we can determine the equivalent electric and magnetic polarization 
currents from the above fields as 

-^W)=0, (4.136a) 
y--)8(z) 



A 2Aa m 
x S 



( x ~d s ( y 

(x-^)s(y-^jS(z), (4.136b) 



since E z — 0 for a TE mode. Now, by (4.134b), the magnetic polarization current P m is 
equivalent to the magnetic current density 

M = ,W m = x 2 j^^8 (x-l)l(y- |) 8(z). (4.137) 



As shown in Figure 4. 3 Id, the fields scattered by the aperture are considered as being 
produced by the equivalent currents P m and — P m on either side of the closed wall. The 
presence of the conducting wall is easily accounted for using image theory, which has 
the effect of doubling the dipole strengths and removing the wall, as depicted in Figure 
4.3 le (for z < 0) and Figure 4.3 If (for z > 0). Thus the coefficients of the transmitted and 
reflected waves caused by the equivalent aperture currents can be found by using (4.137) 
in (4.128) and (4.129) to give 

A{ Q = — / h w ■ (2jconoP m )dv = — - — , (4.138a) 

PlO J abZio ab 

4 jAa>fioa m _ 4jAPa m 

abZio ab 



PlO J 



A io = — I *io • (-2jcofM 0 Pm)dv = J - Z = J , (4.138b) 
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0 



i i 



(a) 



E, H 
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(b) 



w— i 



(c) 



(d) 



a/2 a x 



E~, H 



2P„, 



2P 



E + , H + 



(e) 



(f) 



FIGURE 4.31 Applying small-hole coupling theory and image theory to the problem of an aper- 
ture in the transverse wall of a waveguide, (a) Geometry of a circular aperture in 
the transverse wall of a waveguide, (b) Fields with aperture closed, (c) Fields with 
aperture open, (d) Fields with aperture closed and replaced with equivalent dipoles. 

(e) Fields radiated by equivalent dipoles for z < 0; wall removed by image theory. 

(f) Fields radiated by equivalent dipoles for z > 0; wall removed by image theory. 

since hio — (— i/Zio) sin(7rx/a), and Piq — ab/Z\$. The magnetic polarizability a m is 
given in Table 4.3. The complete fields can now be written as 

71X 



E y = [Ae-jfc + (A" - A)e^ z ] sin ^, 
H x = J_[-A«-^ + (A" - A)e>^] 

■MO 



itx 



sin 



and 



Ey — A w e 
-A' 



-jfiz 



TtX 



sin 



H x = 



l° e -iP z sin 



TCX 



for z < 0, 
for z < 0, 

for z > 0, 
for z > 0. 



(4.139a) 
(4.139b) 

(4.140a) 
(4.140b) 
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z = 0 z 
FIGURE 4.32 Equivalent circuit of the aperture in a transverse waveguide wall. 



Then the reflection and transmission coefficients can be found as 

A7 n — A 4jBa m 

r = = — - - 1, (4.141a) 

A ab 

T= A k = ^n, (4.i4ib) 

A ab 

since Zio = korjo/p. Note that |T| > 1; this physically unrealizable result (for a passive 
network) is an artifact of the approximations used in the above theory. An equivalent circuit 
for this problem can be obtained by comparing the reflection coefficient of (4.141a) with 
that of the transmission line with a normalized shunt susceptance, jB, shown in Figure 4.32. 
The reflection coefficient seen looking into this line is 

r = i - Vm i - (1 + jB) -jB 



l+ym l + (l+jB) 2+jB 
If the shunt susceptance is very large (low impedance), T can be approximated as 

-1 2 

r = ~ -l - /-. 

1 + {21 jB) J B 

Comparison with (4. 141a) suggests that the aperture is equivalent to a normalized inductive 
susceptance, 

B = ^. 

2pa m 



Coupling Through an Aperture in the Broad Wall of a Waveguide 

Another common configuration for aperture coupling is shown in Figure 4.33, where two 
parallel waveguides share a common broad wall and are coupled with a small centered 
aperture. We will assume a TEio mode incident from z < 0 in the lower guide (guide 1), 



© W— W— © 



2/7 



0 



z all a x 

FIGURE 4.33 Two parallel waveguides coupled through an aperture in a common broad wall. 
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and compute the fields coupled to the upper guide. The incident fields can be written as 

E y — A sin —e~ iPz , (4.142a) 
a 

— A 7TX ;a. 

H x = sin — e~ jfiz . (4.142b) 

Zio a 

The excitation field at the center of the aperture at (x = a/2, y — b, z — 0) is 

E y =A, (4.143a) 

Hx — -=—• (4.143b) 
■MO 

(If the aperture were not centered at x — a /2, the H z field would be nonzero and would 
have to be included.) 

From (4.130), (4.131), and (4.134), the equivalent electric and magnetic dipoles for 
coupling to the fields in the upper guide are 

J y = jcDe Q a e AS (x - |) S(y - b)S(z), (4.144a) 

M x = ^^8(x- a -) S (y-b)8( Z ). (4.144b) 

Note that in this case we have excited both an electric and a magnetic dipole. Let the fields 
in the upper guide be expressed as 

E~ = A~ sin — e +jfiz for z < 0, (4.145a) 



a 



A IT X 

H~ = sin — e +jfiz for z < 0, (4.145b) 

Zio a 

E+ = A + sin — e - jPz for z > 0, (4.146a) 



a 



H+ = sin — e - jfiz for z > 0, (4.146b) 

Zio a 

where A + , A~ are the unknown amplitudes of the forward and backward traveling waves 
in the upper guide, respectively. 

By superposition, the total fields in the upper guide due to the electric and magnetic 
currents of (4.144) can be found from (4.124) and (4.128) for the forward wave as 

A+ = f {E -Jy - H-M x )dv = =^ La e - ^A, (4.147a) 
no Jv no \ Zf n / 



and from (4.126) and (4.129) for the backward wave as 



A ~ = ^ I ^' - = ^ + If)' (4 147b) 

where Pio — ab/Z\Q. Note that the electric dipole excites the same fields in both direc- 
tions, but the magnetic dipole excites oppositely polarized fields in the forward and back- 
ward directions. 
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PROBLEMS 



4.1 Consider the reflection of a TEio mode, incident from z < 0, at a step change in the height of a 
rectangular waveguide, as shown below. Show that if the method of Example 4.2 is used, the result 
r = 0 is obtained. Do you think this is the correct solution? Why? (This problem shows that the 
one-mode impedance viewpoint does not always provide a correct analysis.) 




4.2 Consider a series RLC circuit with a current / . Calculate the power lost and the stored electric and 
magnetic energies, and show that the input impedance can be expressed as in (4.17). 

4.3 Show that the input impedance Z of a parallel RLC circuit satisfies the condition that Z(— w) = 

Z*(co). 

4.4 A two-port network is driven at both ports such that the port voltages and currents have the following 
values (Z 0 = 50 ft): 

Vi = 10/90°, /i = 0.2/90°, 
V 2 = 8Z0°, I 2 = 0.16Z-90 0 . 

Determine the input impedance seen at each port, and find the incident and reflected voltages at each 
port. 
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4.5 Show that the admittance matrix of a lossless TV-port network has purely imaginary elements. 

4.6 Does a nonreciprocal lossless network always have a purely imaginary impedance matrix? 

4.7 Derive the [Z] and [Y] matrices for the two-port networks shown in the figure below. 



Port 
1 



(a) 



Port 
2 



Port 
1 



(b) 



Port 

2 



4.9 



4.10 



4.8 Consider a two-port network, and let Zgj^, Z^,, Zq^, and Zq^ be the input impedance seen 
when port 2 is short-circuited, when port 1 is short-circuited, when port 2 is open-circuited, and 
when port 1 is open-circuited, respectively. Show that the impedance matrix elements are given by 



(2) 



,(2) 



z„ = z<£, 



z 22 = z$, 



'12 



= Z 21 = 



(1) 7 (1)\ 7 (2) 



OC 



Find the impedance parameters of a section of transmission line with length I, characteristic 
impedance Zg, and propagation constant [5. 

Show that the admittance matrix of the two parallel-connected two-port n networks shown below 
can be found by adding the admittance matrices of the individual two-ports. Apply this result to 
find the admittance matrix of the bridged-T circuit shown. What is the corresponding result for the 
impedance matrix of two series-connected T-networks? 



AVvV 




4.11 Find the scattering parameters for the series and shunt loads shown below. Show that S\2 = 1 — S\\ 
for the series case, and that S{2 — 1 + S\\ for the shunt case. Assume a characteristic impedance 
Z 0 . 



Port 
1 



Port 

2 



Port 
1 



Port 
2 



4.12 



Consider two two-port networks with individual scattering matrices [S A ] and [S B ]. Show that the 
overall S21 parameter of the cascade of these networks is given by 



S21 



cA cB 

, _ aA rB ' 
1 ^^ll 



4.13 Consider a lossless two-port network, (a) If the network is reciprocal, show that | S21 1 — 1 — I Si 1 1 . 
(b) If the network is nonreciprocal, show that it is impossible to have unidirectional transmission, 
where S12 = 0 and S21 7^ 0. 
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4.14 



4.15 



4.16 



4.17 



4.18 



A four-port network has the scattering matrix shown as follows, (a) Is this network lossless? (b) Is 
this network reciprocal? (c) What is the return loss at port 1 when all other ports are terminated with 
matched loads? (d) What is the insertion loss and phase delay between ports 2 and 4 when all other 
ports are terminated with matched loads? (e) What is the reflection coefficient seen at port 1 if a short 
circuit is placed at the terminal plane of port 3 and all other ports are terminated with matched loads? 



IS] 



0.178/90° 0.6/45° 
0.6/45° 0 
0.4/45° 0 

0 0.3/-45° 



0.4/45° 0 

0 0.3/-45 0 

0 0.5/-45 0 

0.5/-45° 0 



Show that it is impossible to construct a three-port network that is lossless, reciprocal, and matched 
at all ports. Is it possible to construct a nonreciprocal three-port network that is lossless and matched 
at all ports? 

Prove the following decoupling theorem: For any lossless reciprocal three-port network, one port (say 
port 3) can be terminated in a reactance so that the other two ports (say ports 1 and 2) are decoupled 
(no power flow from port 1 to port 2, or from port 2 to port 1). 

A certain three-port network is lossless and reciprocal, and has Si 3 = S23 an d S\\ = S22- Show that 
if port 2 is terminated with a matched load, then port 1 can be matched by placing an appropriate 
reactance at port 3. 

A four-port network has the scattering matrix shown as follows. If ports 3 and 4 are connected with 
a lossless matched transmission line with an electrical length of 45°, find the resulting insertion loss 
and phase delay between ports 1 and 2. 



[S] = 



' 0.2/50° 0 0 0.4/-45° 

0 0.6/45° 0.7/ -45° 0 

0 0.7/ -45° 0.6/45° 0 

0.4/-45° 0 0 0.5/45° 



4.19 When normalized to a single characteristic impedance Zq, a certain two-port network has scatter- 
ing parameters Sjj. Find the generalized scattering parameters, Sfj, in terms of the real reference 
impedances, Rq\ and Rq2, at ports 1 and 2, respectively. 

4.20 At reference plane A, for the circuit shown below, choose an appropriate reference impedance, find 
the power wave amplitudes, and compute the power delivered to the load. Repeat this procedure for 
reference plane B. Assume the transmission line is lossless. 



100 O X = m _*h 




4.21 The ABCD parameters of the first entry in Table 4. 1 were derived in Example 4.6. Verify the ABCD 
parameters for the second, third, and fourth entries. 

4.22 Derive expressions that give the impedance parameters in terms of the ABCD parameters. 

4.23 Find the ABCD matrix for the circuit shown below by direct calculation using the definition of the 
ABCD matrix, and compare with the ABCD matrix of the appropriate cascade of canonical circuits 
from Table 4.1. 
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4.24 Use ABCD matrices to find the voltage Vi across the load resistor in the circuit shown below. 




4.25 A reciprocal two-port network with its ABCD matrix is shown below at left. Prove that the network 
with ports 1 and 2 in reversed positions has the ABCD matrix shown below at right. Choose a simple 
asymmetrical network to demonstrate this result. 



Port 
1 



Port 

2 



Port 
1 



Port 

2 



A B 
C D 



D B 
C A 



4.26 Derive the expressions for S parameters in terms of the ABCD parameters, as given in Table 4.2. 

4.27 As shown in the figure below, a variable attenuator can be implemented using a four-port 90° hybrid 
coupler by terminating ports 2 and 3 with equal but adjustable loads, (a) Using the given scattering 
matrix for the coupler, show that the transmission coefficient between the input (port 1) and the 
output (port 4) is given as T = jT, where T is the reflection coefficient of the mismatch at ports 2 
and 3. Also show that the input port is matched for all values of T. (b) Plot the attenuation, in dB, 
from the input to the output as a function of Z^/Zq, for 0 < Z^/Zq < 10 (let Z^ be real). 









Port 2 




In — *- 


Port 1 


90° 






Hybrid 














Out^ — 


Port 4 


IS] 


Port 3 













IS]-- 



-1 



0/10 

j 0 0 1 

1 00 j 

0 1 j 0 



4.28 Use signal flow graphs to find the power ratios Pi/P\ and P?,/P\ for the mismatched three-port 
network shown in the accompanying figure. 




Port 

2 


^1 


Port 

3 


^1 



4.29 The ABCD parameters are useful for treating cascades of two-port networks in terms of the total port 
voltages and currents, but it is also possible to use incident and reflected voltages to treat cascades. 
One way of doing this is with the transfer, or T-, parameters, defined as follows: 



a\ 
















721 


T 22_ 




. a 2_ 
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where a\, b\ and «2> ^2 are me incident and reflected voltages at ports 1 and 2, respectively. Derive 
the T-parameters in terms of the scattering parameters of a two-port network. Show how the 
T-parameters can be used for a cascade of two two-port networks. 

4.30 The end of an open-circuited microstrip line has fringing fields that can be modeled as a shunt capac- 
itor, Cf, at the end of the line, as shown below. This capacitance can be replaced with an additional 
length, A, of microstrip line. Derive an expression for the length extension in terms of the fringing 
capacitance. Evaluate the length extension for a 50 Q open-circuited microstrip line on a substrate 
withd = 0.158 cm and e r = 2.2 (w = 0.487 cm, e e = 1.894), if the fringing capacitance is known to 
be Cf = 0.075 pF. Compare your result with the approximation given by Hammerstad and Bekkadal: 



: 0.412J 



/ g g + 0-3 \ / 
\e e - 0.258 ) \ 



w + 0.262d\ 
w + 0.813d /' 





4.31 For the //-plane step analysis of Section 4.6, compute the complex power flow in the reflected modes 
in guide 1, and show that the reactive power is inductive. 

4.32 Derive the modal analysis equations for the symmetric //-plane step shown below. (HINT: Because 
of symmetry, only the TE„q modes for n odd will be excited.) 






















a x 



4.33 



4.34 



Find the transverse E and H fields excited by the current of (4.116) by postulating traveling TM mn 
modes on either side of the source at z — 0 and applying the appropriate boundary conditions. 

An infinitely long rectangular waveguide is fed with a probe of length d as shown below. The current 
on this probe can be approximated as /(y) = /q sink(d — y)/ sinkd. If the TEjq mode is the only 
propagating mode in the waveguide, compute the input resistance seen at the probe terminals. 



a/2 



7/ 
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4.35 Consider the infinitely long waveguide fed with two probes driven 180° out of phase, as shown below. 
What are the resulting excitation coefficients for the TEjo and TE20 modes? What other modes can 
be excited by this feeding arrangement? 




4.36 Consider a small current loop on the sidewall of a rectangular waveguide, as shown below. Find the 
TEjo fields excited by this loop if the loop is of radius tq. 



v 



b 




a x 



4.37 A rectangular waveguide is shorted at z — 0 and has an electric current sheet, J sy , located at z — d, 
where 

2n A iix 

Jsy — sin 

a a 

(see the accompanying figure). Find expressions for the fields generated by this current by assuming 
standing wave fields for 0 < z < d, and traveling wave fields for z > d, and applying boundary 
conditions at z — 0 and z — d. Now solve the problem using image theory, by placing a current 
sheet — J sy at z = —d, and removing the shorting wall at z = 0. Use the results of Section 4.7 and 
superposition to find the fields radiated by these two currents, which should be the same as the first 
results for z > 0. 



y 



Ay 



0 



d 



a z 



Chapter Five 



Impedance Matching 
and Tuning 



This chapter marks a turning point, in that we now begin to apply the theory and tech- 
niques of previous chapters to practical problems in microwave engineering. We start with the 
topic of impedance matching, which is often an important part of a larger design process for 
a microwave component or system. The basic idea of impedance matching is illustrated in 
Figure 5.1, which shows an impedance matching network placed between a load impedance 
and a transmission line. The matching network is ideally lossless, to avoid unnecessary loss of 
power, and is usually designed so that the impedance seen looking into the matching network 
is Zq. Then reflections will be eliminated on the transmission line to the left of the matching 
network, although there will usually be multiple reflections between the matching network and 
the load. This procedure is sometimes referred to as tuning. Impedance matching or tuning is 
important for the following reasons: 

• Maximum power is delivered when the load is matched to the line (assuming the gener- 
ator is matched), and power loss in the feed line is minimized. 

• Impedance matching sensitive receiver components (antenna, low-noise amplifier, etc.) 
may improve the signal-to-noise ratio of the system. 

• Impedance matching in a power distribution network (such as an antenna array feed 
network) may reduce amplitude and phase errors. 

As long as the load impedance, Zl, has a positive real part, a matching network can always 
be found. Many choices are available, however, and we will discuss the design and performance 
of several types of practical matching networks. Factors that may be important in the selection 
of a particular matching network include the following: 

• Complexity — As with most engineering solutions, the simplest design that satisfies the 
required specifications is generally preferable. A simpler matching network is usually 
cheaper, smaller, more reliable, and less lossy than a more complex design. 

• Bandwidth — Any type of matching network can ideally give a perfect match (zero 
reflection) at a single frequency. In many applications, however, it is desirable to match 
a load over a band of frequencies. There are several ways of doing this, with, of course, 
a corresponding increase in complexity. 
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Matching 
network 




Load 


0 




0 





FIGURE 5.1 A lossless network matching an arbitrary load impedance to a transmission line. 



Implementation — Depending on the type of transmission line or waveguide being used, 
one type of matching network may be preferable to another. For example, tuning 
stubs are much easier to implement in waveguide than are multisection quarter-wave 
transformers. 

Adjustability — In some applications the matching network may require adjustment to 
match a variable load impedance. Some types of matching networks are more amenable 
than others in this regard. 



MATCHING WITH LUMPED ELEMENTS (L NETWORKS) 

Probably the simplest type of matching network is the L-section, which uses two reac- 
tive elements to match an arbitrary load impedance to a transmission line. There are two 
possible configurations for this network, as shown in Figure 5.2. If the normalized load 
impedance, zl = Zl/Zq, is inside the 1 + jx circle on the Smith chart, then the circuit 
of Figure 5.2a should be used. If the normalized load impedance is outside the 1 + jx cir- 
cle on the Smith chart, the circuit of Figure 5.2b should be used. The 1 + jx circle is the 
resistance circle on the impedance Smith chart for which r — 1 . 

In either of the configurations of Figure 5.2, the reactive elements may be either induc- 
tors or capacitors, depending on the load impedance. Thus, there are eight distinct possibil- 
ities for the matching circuit for various load impedances. If the frequency is low enough 
and/or the circuit size is small enough, actual lumped-element capacitors and inductors can 
be used. This may be feasible for frequencies up to about 1 GHz or so, although modern 
microwave integrated circuits may be small enough such that lumped elements can be used 
at higher frequencies as well. There is, however, a large range of frequencies and circuit 
sizes where lumped elements may not be realizable. This is a limitation of the L-section 



0 








1 c 



Zo 



JB 



jB 



(a) 



(b) 



FIGURE 5.2 L-section matching networks, (a) Network for zl inside the 1 + jx circle, (b) Net- 
work for zl outside the 1 + jx circle. 
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matching technique. We will first derive analytic expressions for the matching network 
elements of the two cases in Figure 5.2, and then illustrate an alternative design procedure 
using the Smith chart. 



Analytic Solutions 

Although we will discuss a simple graphical solution using the Smith chart, it is also useful 
to have simple expressions for the L-section matching network components. These expres- 
sions can be used in a computer-aided design program for L-section matching, or when it 
is necessary to have more accuracy than the Smith chart can provide. 

Consider first the circuit of Figure 5.2a, and let Zl = Rl + ]Xl- We stated that this 
circuit would be used when zl — Zl/Zq is inside the 1 + jx circle on the Smith chart, 
which implies that Rl > Zq for this case. The impedance seen looking into the matching 
network, followed by the load impedance, must be equal to Zq for an impedance-matched 
condition: 

Zo = jX+ ..^ * ~ , y r - (5.1) 
jB + l/(R L + jX L ) 

Rearranging and separating into real and imaginary parts gives two equations for the two 
unknowns, X and B: 

B(XR L -X L Z Q ) = R l -Zq, (5.2a) 
X(l- BX L ) = BZqR l -X l . (5.2b) 

Solving (5.2a) for X and substituting into (5.2b) gives a quadratic equation for B. The 
solution is 

X L ± ^RUTJrI + X 2 l - Z q R L 
B = ^ = . (5.3a) 

Note that since Rl > Zo, the argument of the second square root is always positive. Then 
the series reactance can be found as 

1 X i Zq Zq 

X=- + — — -. (5.3b) 

B R L BR l 

Equation (5.3a) indicates that two solutions are possible for B and X. Both of these 
solutions are physically realizable since both positive and negative values of B and X are 
possible (positive X implies an inductor and negative X implies a capacitor, while positive 
B implies a capacitor and negative B implies an inductor). One solution, however, may 
result in significantly smaller values for the reactive components, or may be the preferred 
solution if the bandwidth of the match is better, or if the SWR on the line between the 
matching network and the load is smaller. 

Next consider the circuit of Figure 5.2b. This circuit is used when zl is outside the 
1 + jx circle on the Smith chart, which implies that Rl < Zq. The admittance seen look- 
ing into the matching network, followed by the load impedance, must be equal to 1/Zo for 
an impedance-matched condition: 

1 1 

— =jB+ . (5.4) 

Z 0 R L +j(X + X L ) 
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Rearranging and separating into real and imaginary parts gives two equations for the two 
unknowns, X and B: 



Solving for X and B gives 



BZ Q (X + X L ) = Zq-R l , 
(X + X L ) = BZ 0 R L . 



X = ±^R L (Z 0 - R L )-X L , 
d J(Zo-Rl)/Rl 



(5.5a) 
(5.5b) 

(5.6a) 
(5.6b) 



Because Ri < Zq, the arguments of the square roots are always positive. Again, note that 
two solutions are possible. 

In order to match an arbitrary complex load to a line of characteristic impedance Zq, 
the real part of the input impedance to the matching network must be Zq, while the imag- 
inary part must be zero. This implies that a general matching network must have at least 
two degrees of freedom; in the L-section matching circuit these two degrees of freedom 
are provided by the values of the two reactive components. 



Smith Chart Solutions 

Instead of the above formulas, the Smith chart can be used to quickly and accurately design 
L-section matching networks. The procedure is best illustrated by an example. 




EXAMPLE 5.1 L-SECTION IMPEDANCE MATCHING 

Design an L-section matching network to match a series RC load with an impedance 
Z L = 200 - j 100 £2 to a 100 Q line at a frequency of 500 MHz. 



Solution 

The normalized load impedance is zl — 2 — jl, which is plotted on the Smith 
chart of Figure 5.3a. This point is inside the 1 + jx circle, so we use the match- 
ing circuit of Figure 5.2a. Because the first element from the load is a shunt sus- 
ceptance, it makes sense to convert to admittance by drawing the SWR circle 
through the load, and a straight line from the load through the center of the chart, 
as shown in Figure 5.3a. After we add the shunt susceptance and convert back 
to impedance, we want to be on the 1 + jx circle so that we can add a series 
reactance to cancel jx and match the load. This means that the shunt suscep- 
tance must move us from yz, to the 1 + jx circle on the admittance Smith chart. 
Thus, we construct the rotated 1 + jx circle as shown in Figure 5.3a (center at 
r — 0.333). (A combined ZY chart may be convenient to use here, if it is not too 
confusing.) Then we see that adding a susceptance of jb — j0.3 will move us 
along a constant-conductance circle to y — 0.4 + y'0.5 (this choice is the short- 
est distance from yi to the shifted 1 + jx circle). Converting back to impedance 
leaves us at z — 1 — j 1 .2, indicating that a series reactance of x — / 1.2 will bring 
us to the center of the chart. For comparison, the formulas (5.3a) and (5.3b) give 
the solution as b — 0.29, x = 1.22. 
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This matching circuit consists of a shunt capacitor and a series inductor, 
as shown in Figure 5.3b. For a matching frequency of 500 MHz, the capacitor 
has a value of 

C = —^—=0.92pF, 
2jtfZ 0 

and the inductor has a value of 

L = — - = 38.8 nH. 

2nf 

It is also interesting to look at the second solution to this matching problem. If 
instead of adding a shunt susceptance of b — 0.3, we use a shunt susceptance of 
b — —0.7, we will move to a point on the lower half of the shifted 1 + jx circle, 
to y — 0.4 — j 0.5. Then converting to impedance and adding a series reactance of 
x = — 1.2 leads to a match as well. Formulas (5.3a) and (5.3b) give this solution as 
b = —0.69, x = —1.22. This matching circuit is also shown in Figure 5.3b, and 
is seen to have the positions of the inductor and capacitor reversed from the first 
matching network. At a frequency of / = 500 MHz, the capacitor has a value of 

C = ' — = 2.61 pF, 

2jtfx Zq 




(a) 

FIGURE 5.3 Solution to Example 5.1. (a) Smith chart for the L-section matching networks. 
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FIGURE 5.3 Continued, (b) The two possible L-section matching circuits, (c) Reflection coeffi- 
cient magnitudes versus frequency for the matching circuits of (b). 




while the inductor has a value of 

-Zq 

L = =46.1 nH. 

2nfb 

Figure 5.3c shows the reflection coefficient magnitude versus frequency for these 
two matching networks, assuming that the load impedance of = 200 — j 100 £2 
at 500 MHz consists of a 200 £2 resistor and a 3.18 pF capacitor in series. There 
is not a substantial difference in bandwidth for these two solutions. ■ 



POINT OF INTEREST: Lumped Elements for Microwave Integrated Circuits 

Lumped R, L, and C elements can be practically realized at microwave frequencies if the 
length, I, of the component is very small relative to the operating wavelength. Over a limited 
range of values, such components can be used in hybrid and monolithic microwave integrated 
circuits at frequencies up to 60 GHz, or higher, if the condition that I < X/ 10 is satisfied. 
Usually, however, the characteristics of such an element are far from ideal, requiring that un- 
desirable effects such as parasitic capacitance and/or inductance, spurious resonances, fringing 
fields, loss, and perturbations caused by a ground plane be incorporated in the design via a CAD 
model (see the Point of Interest concerning CAD). 
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Resistors are fabricated with thin films of lossy material such as nichrome, tantalum nitride, 
or doped semiconductor material. In monolithic circuits such films can be deposited or grown, 
whereas chip resistors made from a lossy film deposited on a ceramic chip can be bonded or 
soldered in a hybrid circuit. Low resistances are hard to obtain. 

Small values of inductance can be realized with a short length or loop of transmission 
line, and larger values (up to about 10 nH) can be obtained with a spiral inductor, as shown 
in the following figures. Larger inductance values generally incur more loss and more shunt 
capacitance; this leads to a resonance that limits the maximum operating frequency. 

Capacitors can be fabricated in several ways. A short transmission line stub can provide 
a shunt capacitance in the range of 0-0.1 pF. A single gap, or an interdigital set of gaps, in 
a transmission line can provide a series capacitance up to about 0.5 pF. Greater values (up to 
about 25 pF) can be obtained using a metal-insulator-metal sandwich in either monolithic or 
chip (hybrid) form. 



Another popular matching technique uses a single open-circuited or short-circuited length 
of transmission line (a stub) connected either in parallel or in series with the transmission 
feed line at a certain distance from the load, as shown in Figure 5.4. Such a single-stub 
tuning circuit is often very convenient because the stub can be fabricated as part of the 
transmission line media of the circuit, and lumped elements are avoided. Shunt stubs are 
preferred for microstrip line or stripline, while series stubs are preferred for slotline or 
coplanar waveguide. 

In single-stub tuning the two adjustable parameters are the distance, d, from the load 
to the stub position, and the value of susceptance or reactance provided by the stub. For 
the shunt-stub case, the basic idea is to select d so that the admittance, Y, seen looking 
into the line at distance d from the load is of the form Yq + jB. Then the stub susceptance 
is chosen as — jB, resulting in a matched condition. For the series-stub case, the distance 
d is selected so that the impedance, Z, seen looking into the line at a distance d from the 
load is of the form Zq + jX. Then the stub reactance is chosen as —jX, resulting in a 
matched condition. 

As discussed in Chapter 2, the proper length of an open or shorted transmission line 
section can provide any desired value of reactance or susceptance. For a given suscep- 
tance or reactance, the difference in lengths of an open- or short-circuited stub is X/4-. 
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FIGURE 5.4 Single-stub tuning circuits, (a) Shunt stub, (b) Series stub. 



For transmission line media such as microstrip or stripline, open-circuited stubs are easier 
to fabricate since a via hole through the substrate to the ground plane is not needed. For 
lines like coax or waveguide, however, short-circuited stubs are usually preferred because 
the cross-sectional area of such an open-circuited line may be large enough (electrically) 
to radiate, in which case the stub is no longer purely reactive. 

We will discuss both Smith chart and analytic solutions for shunt- and series-stub tun- 
ing. The Smith chart solutions are fast, intuitive, and usually accurate enough in practice. 
The analytic expressions are more precise, and are useful for computer analysis. 




Shunt Stubs 

The single-stub shunt tuning circuit is shown in Figure 5.4a. We will first discuss an exam- 
ple illustrating the Smith chart solution and then derive formulas for d and I. 



EXAMPLE 5.2 SINGLE-STUB SHUNT TUNING 

For a load impedance = 60 — j80 £2, design two single-stub (short circuit) 
shunt tuning networks to match this load to a 50 £2 line. Assuming that the load is 
matched at 2 GHz and that the load consists of a resistor and capacitor in series, 
plot the reflection coefficient magnitude from 1 to 3 GHz for each solution. 

Solution 

The first step is to plot the normalized load impedance zl — 1.2 — y 1 .6, construct 
the appropriate SWR circle, and convert to the load admittance, yi, as shown on 
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the Smith chart in Figure 5.5a. For the remaining steps we consider the Smith 
chart as an admittance chart. Notice that the SWR circle intersects the 1 + jb 
circle at two points, denoted as y\ and yi in Figure 5.5a. Thus the distance d from 
the load to the stub is given by either of these two intersections. Reading the WTG 
scale, we obtain 

d x = 0.176-0.065 = 0.1101, 
d 2 = 0.325 - 0.065 = 0.260A. 

Actually, there is an infinite number of distances d around the SWR circle 
that intersect the 1 + jb circle. Usually it is desired to keep the matching stub as 
close as possible to the load to improve the bandwidth of the match and to reduce 
losses caused by a possibly large standing wave ratio on the line between the stub 
and the load. 

At the two intersection points, the normalized admittances are 

yi = 1.00 + yl.47, 
y 2 = 1.00- 1.47. 




FIGURE 5.5 Solution to Example 5.2. (a) Smith chart for the shunt-stub tuners. 
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FIGURE 5.5 Continued, (b) The two shunt-stub tuning solutions, (c) Reflection coefficient mag- 
nitudes versus frequency for the tuning circuits of (b). 



Thus, the first tuning solution requires a stub with a susceptance of — j 1.47. The 
length of a short-circuited stub that gives this susceptance can be found on the 
Smith chart by starting at y — oo (the short circuit) and moving along the outer 
edge of the chart (g — 0) toward the generator to the — j 1.47 point. The stub 
length is then 

l\ = 0.095a. 

Similarly, the required short-circuit stub length for the second solution is 

i 2 = 0.405a. 

This completes the two tuner designs. 

To analyze the frequency dependence of these two designs, we need to know 
the load impedance as a function of frequency. The series-/?C load impedance 
is Z L = 60 - jSO £2 at 2 GHz, so R = 60 Q and C = 0.995 pF. The two tun- 
ing circuits are shown in Figure 5.5b. Figure 5.5c shows the calculated reflection 
coefficient magnitudes for these two solutions. Observe that solution 1 has a sig- 
nificantly better bandwidth than solution 2; this is because both d and I are shorter 
for solution 1, which reduces the frequency variation of the match. ■ 
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To derive formulas for d and I, let the load impedance be written as Zi = 1 / Yl — 
Ri + jXi. Then the impedance Z down a length d of line from the load is 

z= (R L + jX L) + j z ot 

Z 0 + j(R L + jX L )t 
where t — tan fid. The admittance at this point is 

Y = G + jB= i, 

where 

G = . '—, (5.8a) 

R\ + (X L + Z 0 f) 2 

Rh - (Z 0 - X L t)(X L + Z 0 t) 
Z 0 + (X L + Z 0 t) 2 ] 

Now (which implies t) is chosen so that G — Yq — 1/Zq. From (5.8a), this results in a 
quadratic equation for t : 

Z 0 (R L - Z 0 )f 2 - 2X L Z 0 t + (R L Z Q -R 2 L - X 2 l ) = 0. 

Solving for t gives 



X L ± JR L [(Zo - /?l) 2 + X\] /Z 0 

f = = for R L # Z 0 . (5.9) 

Rl - Zo 

If Rl — Zq, then f = —Xl/2Zq. Thus, the two principal solutions for d are 



d 
X 



1 

— tan t for f > 0 
2?r 

— (7T + tan" 1 f) for f < 0. 
lit 



(5.10) 



To find the required stub lengths, first use t in (5.8b) to find the stub susceptance, B s — —B. 
Then, for an open-circuited stub, 

^ = ± to -i(^ = =! to -i(n (5.11a) 

and for a short-circuited stub, 

^--^-^Uitan- 1 ©. (5.11b) 




1 2jt V^/ 2?r \B. 

If the length given by (5.11a) or (5.11b) is negative, A/2 can be added to give a positive 
result. 

Series Stubs 

The series-stub tuning circuit is shown in Figure 5.4b. We will illustrate the Smith chart 
solution by an example, and then derive expressions for d and I. 



EXAMPLE 5.3 SINGLE-STUB SERIES TUNING 

Match a load impedance of Z^ = 100 + j 80 to a 50 £2 line using a single series 
open-circuit stub. Assuming that the load is matched at 2 GHz and that the load 
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consists of a resistor and inductor in series, plot the reflection coefficient magni- 
tude from 1 to 3 GHz. 

Solution 

First plot the normalized load impedance, zl — 2 + j 1.6, and draw the SWR 
circle. For the series-stub design the chart is an impedance chart. Note that the 
SWR circle intersects the 1 + jx circle at two points, denoted as z\ and Z2 in 
Figure 5.6a. The shortest distance, d\, from the load to the stub is, from the WTG 
scale, 

di = 0.328 -0.208 = 0.1201, 

and the second distance is 

d 2 = (0.5 - 0.208) + 0.172 = 0.463A. 

As in the shunt-stub case, additional rotations around the SWR circle lead to ad- 
ditional solutions, but these are usually not of practical interest. 




(a) 

FIGURE 5.6 Solution to Example 5.3. (a) Smith chart for the series-stub tuners. 
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The normalized impedances at the two intersection points are 

zi = 1 - 71.33, 
z 2 = 1 +71.33. 

Thus, the first solution requires a stub with a reactance of 7 1 .33. The length of 
an open-circuited stub that gives this reactance can be found on the Smith chart 
by starting at z — 00 (open circuit), and moving along the outer edge of the chart 
(r = 0) toward the generator to the 7 1.33 point. This gives a stub length of 



l x = 0.397A. 



Similarly, the required open-circuited stub length for the second solution is 



€2 = 0.103A. 



This completes the tuner designs. 

If the load is a series resistor and inductor with Zl — 100 + 7 80 £2 at 2 GHz, 
then R = 100 Q and L = 6.37 nH. The two matching circuits are shown in 
Figure 5.6b. Figure 5.6c shows the calculated reflection coefficient magnitudes 
versus frequency for the two solutions. ■ 
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To derive formulas for d and I for the series-stub tuner, let the load admittance be 
written as Yi — 1/Zl — Gl + JBl- Then the admittance Y down a length d of line from 
the load is 

(G L + jB L ) + jtY 0 
Y = Y o , (5.12) 

Yo + jt(G L +jB L )' 

where t — tan fid and Yq = 1/ Zo. The impedance at this point is 

1 



Z = R + jX= ^ 



where 



G L (l + t 2 ) 

R - — -, (5.13a) 

G\ + (B L + Y Q t) 2 

G 2 L t-(Y 0 -tB L KB L +tY 0 ) 

X = — . (5.13b) 

Yq [G 2 L + (B L + Y Q t) 2 ] 

Now d (which implies t) is chosen so that R — Zq — 1/Yq. From (5.13a), this results in a 
quadratic equation for t : 

Y 0 (G L - Y Q )t 2 - 2B L Y Q t + (G L Y Q -G 2 l - B 2 ) = 0. 

Solving for t gives 



B L ± JGl [(Yo - G L ) 2 + B 2 ] /Y 0 

t= for Gl Yo. (5.14) 

Gl - Yq 



If Gl — Yo, then t — —Bl/2Yo. Then the two principal solutions for d are 
d/X = 



1 

— tan t for t > 0 

2 * (5.15) 

— (it + tan" 1 1 ) for t < 0. 

The required stub lengths are determined by first using t in (5.13b) to find the reactance 
X. This reactance is the negative of the necessary stub reactance, X s . Thus, for a short- 
circuited stub, 



X 2jt 



— tan" 1 f — ) = — tan" 1 ( — ) , (5.16a) 
7T \ZoJ 2jt \ZoJ 



and for an open-circuited stub, 



to -1 _l 

— = — tan 
X 2tt 



(l)-s--(D- 



If the length given by (5.16a) or (5.16b) is negative, A/2 can be added to give a positive 
result. 



DOUBLE-STUB TUNING 

The single-stub tuner of the previous section is able to match any load impedance (having 
a positive real part) to a transmission line, but suffers from the disadvantage of requiring 
a variable length of line between the load and the stub. This may not be a problem for a 
fixed matching circuit, but would probably pose some difficulty if an adjustable tuner was 



242 Chapter 5: Impedance Matching and Tuning 




FIGURE 5.7 Double-stub tuning, (a) Original circuit with the load an arbitrary distance from the 
first stub, (b) Equivalent circuit with the load transformed to the first stub. 



desired. In this case, the double-stub tuner, which uses two tuning stubs in fixed positions, 
can be used. Such tuners are often fabricated in coaxial line with adjustable stubs connected 
in shunt to the main coaxial line. We will see, however, that a double-stub tuner cannot 
match all load impedances. 

The double-stub tuner circuit is shown in Figure 5.7a, where the load may be an ar- 
bitrary distance from the first stub. Although this is more representative of a practical sit- 
uation, the circuit of Figure 5.7b, where the load Y' L has been transformed back to the 
position of the first stub, is easier to deal with and does not lose any generality. The shunt 
stubs shown in Figure 5.7 can be conveniently implemented for some types of transmission 
lines, while series stubs are more appropriate for other types of lines. In either case, the 
stubs can be open-circuited or short-circuited. 

Smith Chart Solution 

The Smith chart of Figure 5.8 illustrates the basic operation of the double-stub tuner. As 
in the case of the single-stub tuner, two solutions are possible. The susceptance of the first 
stub, b\ (or b\, for the second solution), moves the load admittance to y\ (or y[). These 
points lie on the rotated 1 + jb circle; the amount of rotation is d wavelengths toward the 
load, where d is the electrical distance between the two stubs. Then transforming y\ (or 
/j) toward the generator through a length d of line leaves us at the point yi (or y' 2 ), which 
must be on the 1 + jb circle. The second stub then adds a susceptance £>2 (or b' 2 ), which 
brings us to the center of the chart and completes the match. 

Notice from Figure 5.8 that if the load admittance, yz,, were inside the shaded region 
of the go + jb circle, no value of stub susceptance b\ could ever bring the load point to 
intersect the rotated 1 + jb circle. This shaded region thus forms a forbidden range of load 
admittances that cannot be matched with this particular double-stub tuner. A simple way 



5.3 Double-Stub Tuning 



243 



Rotated 
I + jb 
circle 




1-orbiddcn 
region 



FIGURE 5.8 Smith chart diagram for the operation of a double-stub tuner. 



of reducing the forbidden range is to reduce the distance d between the stubs. This has 
the effect of swinging the rotated 1 + jb circle back toward the y — oo point, but d must 
be kept large enough for the practical purpose of fabricating the two separate stubs. In 
addition, stub spacings near 0 or A/2 lead to matching networks that are very frequency 
sensitive. In practice, stub spacings are usually chosen as A/8 or 3A/8. If the length of line 
between the load and the first stub can be adjusted, then the load admittance yi can always 
be moved out of the forbidden region. 



Design a double-stub shunt tuner to match a load impedance Zl — 60 — j80 £2 
to a 50 £2 line. The stubs are to be open-circuited stubs and are spaced A/8 apart. 
Assuming that this load consists of a series resistor and capacitor and that the 
match frequency is 2 GHz, plot the reflection coefficient magnitude versus fre- 
quency from 1 to 3 GHz. 



The normalized load admittance is yi = 0.3 + j0.4, which is plotted on the Smith 
chart of Figure 5.9a. Next we construct the rotated 1 + jb conductance circle by 
moving every point on the g — 1 circle A/8 toward the load. We then find the 
susceptance of the first stub, which can be one of two possible values: 



We now transform through the A/8 section of line by rotating along a constant- 
radius (SWR) circle A/8 toward the generator. This brings the two solutions to the 




EXAMPLE 5.4 DOUBLE-STUB TUNING 



Solution 



bi = 1.314 or b[ = -0.114. 
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following points: 

y 2 = l- j'3.38 or y' 2 = 1 + 7 1.38. 

Then the susceptance of the second stub should be 

fo 2 = 3.38 or ^ = -1.38. 

The lengths of the open-circuited stubs are then found as 

l\ = 0.U6X, l 2 = 0.204A or l\ = 0.482A, £' 2 = 0.350A.. 

This completes both solutions for the double-stub tuner design. 

At / = 2 GHz the resistor-capacitor load of Zl — 60 — j80 £2 implies that 
R — 60 Q and C — 0.995 pF. The two tuning circuits are then as shown in 
Figure 5.9b, and the reflection coefficient magnitudes are plotted versus frequency 
in Figure 5.9c. Note that the first solution has a much narrower bandwidth than 
the second (primed) solution due to the fact that both stubs for the first solution 
are somewhat longer (and closer to X /2) than the stubs of the second solution. ■ 

Rotated 




(a) 

FIGURE 5.9 Solution to Example 5.4. (a) Smith chart for the double-stub tuners. 



5.3 Double-Stub Tuning 245 




Solution 1 Solution 2 

(b) 




1.0 1.5 2.0 2.5 3.0 

/(GHz) 

(c) 



RE 5.9 Continued, (b) The two double-stub tuning solutions, (c) Reflection coefficient mag- 
nitudes versus frequency for the tuning circuits of (b). 



Analytic Solution 

The admittance just to the left of the first stub in Figure 5.7b is 

Y 1 = G L +j(B L +B l ), 



(5.17) 



where Yl — Gl + jBi is the load admittance, and B\ is the susceptance of the first stub. 
After transforming through a length d of transmission line, we find that the admittance just 
to the right of the second stub is 

G L + j{B L + Bi + Y Q t) 



Y 2 = Y 0 



Y 0 + jt(G L + jB L + jBiY 



(5.18) 



where t — law fid and Yq — I/Zq. At this point the real part of Y 2 must equal Yq, which 
leads to the equation 



r 2 r v l+t 2 , (Y 0 -B L t-B lt ) 2 
G L - G L Y 0 — 1 



0. 



Solving for Gl gives 



G L = Y 0 - 



1 



2f 2 



1 ± 



4t 2 (Y 0 - B L t - Bjt) 2 

2\2 



r 0 0 + f2 ) 



(5.19) 



(5.20) 
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Because Gi is real, the quantity within the square root must be nonnegative, and so 



This implies that 



4f 2 (T 0 - B L t - B x t) 2 

0 < — " < 1. 

Y 2 (l+t 2 ) 2 



1 + t 2 Y Q 



0<G L <Y 0 — =-^— , (5.21) 
t L sin z fid 



which gives the range on Gl that can be matched for a given stub spacing d. After d has 
been set, the first stub susceptance can be determined from (5.19) as 

Y Q ±J(l+t 2 )G L Y Q -G 2 L t 2 
Bi = -B L + 1 . (5.22) 

Then the second stub susceptance can be found from the negative of the imaginary part of 
(5.18) to be 



±yJy 0 G l (\ + t 2 ) - G L t 2 + G L Y 0 

B 2 = . (5.23) 

G L t 

The upper and lower signs in (5.22) and (5.23) correspond to the same solutions. The 
open-circuited stub length is found as 

l„ 1 \ ( B\ 

— = — tan" 1 — , (5.24a) 
and the short-circuited stub length is found as 



X 2tt V B J ' 

where B = B\ or 



San" 1 /"— ), (5.24b) 



THE QUARTER-WAVE TRANSFORMER 

As introduced in Section 2.5, the quarter-wave transformer is a simple and useful circuit 
for matching a real load impedance to a transmission line. An additional feature of the 
quarter-wave transformer is that it can be extended to multisection designs in a methodical 
manner to provide broader bandwidth. If only a narrow band impedance match is required, 
a single-section transformer may suffice. However, as we will see in the next few sec- 
tions, multisection quarter-wave transformer designs can be synthesized to yield optimum 
matching characteristics over a desired frequency band. We will see in Chapter 8 that such 
networks are closely related to bandpass filters. 

One drawback of the quarter-wave transformer is that it can only match a real load 
impedance. A complex load impedance can always be transformed into a real impedance, 
however, by using an appropriate length of transmission line between the load and the 
transformer, or an appropriate series or shunt reactive element. These techniques will usu- 
ally alter the frequency dependence of the load, and this often has the effect of reducing 
the bandwidth of the match. 

In Section 2.5 we analyzed the operation of a quarter-wave transformer from both 
an impedance viewpoint and a multiple reflection viewpoint. Here we will concentrate 
on the bandwidth performance of the transformer as a function of the load mismatch; this 
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. Z L (real) 



FIGURE 5.10 A single-section quarter- wave matching transformer. I — Xq/4 at the design fre- 
quency f Q . 



discussion will also serve as a prelude to the more general case of multisection transformers 
in the sections to follow. 

The single-section quarter-wave matching transformer circuit is shown in Figure 5.10, 
with the characteristic impedance of the matching section given as 

Zi = VZ 0 Z L . (5.25) 

At the design frequency, /o, the electrical length of the matching section is Ao/4, but at 
other frequencies the length is different, so a perfect match is no longer obtained. We will 
derive an approximate expression for the resulting impedance mismatch versus frequency. 
The input impedance seen looking into the matching section is 

Zl + /'Zif 

Z in = Zi J , (5.26) 

where t — tan fit — tan 6, and fit — 0 — ir/2 at the design frequency /q. The resulting re- 
flection coefficient is 



= Z in - Zp = Z l (Z L -Z Q ) + jt (Z 2 -Z 0 Z L ) 
~ Z in + Z 0 ~ Z : (Z L + Z 0 ) + jt {Z\ + Z 0 Z L ) ' 

Because Z\ — ZqZl, this reduces to 

r = Zl - z ° 

Z L + Z 0 + j2t -JZqZ l ' 
The reflection coefficient magnitude is 

\Z L -Z 0 \ 



(5.27) 



(5.28) 



in = 



[(Z L + Z 0 ) 2 + 4f 2 Z 0 Z L ] 



1/2 



{(Z L + Z 0 ) 2 /(Z L - Zo) 2 + [4f 2 Z 0 Z L /(Z L - Z 0 ) 2 ]} 

1 



1/2 



{1 + [4Z 0 Z L /(Z L - Zo) 2 ] + [4Z 0 Z L f 2 /(Z L - Zo) 2 ]} 
1 



1/2 



{1 + [4Z 0 Z L /(Z L -Z 0 ) 2 ] sec 2 69} 



1/2 [ 



(5.29) 



since 1 + t 2 — 1 + tan 2 9 — sec 2 0. 

If we assume that the operating frequency is near the design frequency fy, then I ~ 
A 0 /4 and 0 ~ tt/2. Then sec 2 6> » 1, and (5.29) simplifies to 

| r | ~ |ZL ~^ |cos6>| for 0 near tt/2. (5.30) 
2vZoZl 
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FIGURE 5.11 Approximate behavior of the reflection coefficient magnitude for a single-section 
quarter-wave transformer operating near its design frequency. 



This result gives the approximate mismatch of the quarter-wave transformer near the design 
frequency, as sketched in Figure 5.11. 

If we set a maximum value, T m , for an acceptable reflection coefficient magnitude, 
then the bandwidth of the matching transformer can be defined as 



A9 = 2(| -0 m ), 



(5.31) 



since the response of (5.29) is symmetric about 6 — nil, and Y — Y m at 6 — 9 m and at 
6 — it — 0 m . Equating T m to the exact expression for the reflection coefficient magnitude 
in (5.29) allows us to solve for 9 m : 



1 

rl 



/ 2V ZoZl 

1 + sec ( 

\Z L -Z 0 



or 



r m 2V ZqZl 

v p 4/o _ 2/o ' 
and so the frequency of the lower band edge at 9 — 0 m is 

_ 20 m /o 

Jm — > 



COS# m = 

If we assume TEM lines, then 



(5.32) 



= 2- 



and the fractional bandwidth is, using (5.32), 

Af _ 2(/ 0 - f,„) 
fo fo 

4 

— 2 cos 

7T 



2/m 



= 2- 



40„ 



/o 

yr^r^iz L -z 0 i 



(5.33) 



Fractional bandwidth is usually expressed as a percentage, 100A///o%. Note that the 
bandwidth of the transformer increases as Z/, becomes closer to Zo (a less mismatched 
load). 

The above results are strictly valid only for TEM lines. When non-TEM lines (such as 
waveguides) are used, the propagation constant is no longer a linear function of frequency, 
and the wave impedance will be frequency dependent. These factors serve to complicate 
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FIGURE 5.12 Reflection coefficient magnitude versus frequency for a single-section quarter- 
wave matching transformer with various load mismatches. 

the general behavior of quarter-wave transformers for non-TEM lines, but in practice the 
bandwidth of the transformer is often small enough that these complications do not sub- 
stantially affect the result. Another factor ignored in the above analysis is the effect of 
reactances associated with discontinuities when there is a step change in the dimensions of 
a transmission line. This can often be compensated by making a small adjustment in the 
length of the matching section. 

Figure 5.12 shows a plot of the reflection coefficient magnitude versus normalized 
frequency for various mismatched loads. Note the trend of increased bandwidth for smaller 
load mismatches. 



EXAMPLE 5.5 QUARTER- WAVE TRANSFORMER BANDWIDTH 

Design a single-section quarter-wave matching transformer to match a 10 Q load 
to a 50 £2 transmission line at /o = 3 GHz. Determine the percent bandwidth for 
which the SWR < 1.5. 

Solution 

From (5.25), the characteristic impedance of the matching section is 
Zi = JZqZl = 7(50X10) = 22.36 Q, 

and the length of the matching section is A/4 at 3 GHz (the physical length de- 
pends on the dielectric constant of the line). An SWR of 1.5 corresponds to a 
reflection coefficient magnitude of 



SWR - 1 



1.5 - 1 



SWR+1 1.5+1 
The fractional bandwidth is computed from (5.33) as 



0.2. 



fo 



= 2- 



■ cos 



it 



= 2- 



■ cos 



It 



4l^Yl\Z L -Z,\ 



0.2 2V (50) (10) 



VI - (0.2) 2 U0-50I 



= 0.29, or 29%. 



250 Chapter 5: Impedance Matching and Tuning 



5.5 



THE THEORY OF SMALL REFLECTIONS 

The quarter-wave transformer provides a simple means of matching any real load imped- 
ance to any transmission line impedance. For applications requiring more bandwidth than a 
single quarter-wave section can provide, multisection transformers can be used. The design 
of such transformers is the subject of the next two sections, but prior to that material we 
need to derive some approximate results for the total reflection coefficient caused by the 
partial reflections from several small discontinuities. This topic is generally referred to as 
the theory of small reflections [1]. 



Single-Section Transformer 

We will derive an approximate expression for the overall reflection coefficient, T, for 
the single-section matching transformer shown in Figure 5.13. The partial reflection and 
transmission coefficients are 



r 2 
r 3 

721 
Tn 



Z 2 -Zj 

-n, 
z L -z 2 

Z L + Z 2 ' 
1 + Ti 

i + r 2 



2Z 2 



Zi + z 2 

2Zi 

Zi + z 2 ■ 



(5.34) 
(5.35) 
(5.36) 

(5.37) 

(5.38) 



We can compute the total reflection, V, seen by the feed line using either the impedance 
method, or the multiple reflection method, as discussed in Section 2.5. For our present 



/3/ = 6 





FIGURE 5.13 Partial reflections and transmissions on a single-section matching transformer. 
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purpose the latter technique is preferred, so we express the total reflection as an infinite 
sum of partial reflections and transmissions as follows: 

T = Ti + TnT 2 ir 3 e- 2je + T 12 T 2l r 2 r 2 e- 4je + ■■■ 

oo 

= Ti + T l2 T 2l r 3 e- 2 j 9 J2 r^e- 2 '" 9 . (5.39) 

n=0 

The summation of the geometric series 



J2 x " = Y=r 



for \x\ < 1 

I — X 

17=0 

allows us to express (5.39) in closed form as 

Ti 2 T 2 iT 3 e~ 2 > 6 

r = ri+ i-r 2 rv-^ (5 ' 40) 

From (5.35), (5.37), and (5.38), we use T 2 = -T x , T 2 \ = 1 + r u and T l2 = 1 - T\ in 
(5.40) to give 

r = — ^r. (5.41) 

i + rir 3 e- 2 ^ 

If the discontinuities between the impedances Z\, Z 2 and Z 2 , are small, then | Ti T3 1 =1, 
so we can approximate (5.41) as 

r ~ Ti + r 3 e~ 2jd . (5.42) 

This result expresses the intuitive idea that the total reflection is dominated by the reflection 
from the initial discontinuity between Z\ and Z 2 (Ti), and the first reflection from the 
discontinuity between Z 2 and Zi (T 3 e~ 2 ' e ). The e~ 2 > e term accounts for the phase delay 
when the incident wave travels up and down the line. The accuracy of this approximation 
is illustrated in Problem 5.14. 



Multisection Transformer 

Now consider the multisection transformer shown in Figure 5.14, which consists of 
equal-length {commensurate) sections of transmission lines. We will derive an approximate 
expression for the total reflection coefficient T. 

Partial reflection coefficients can be defined at each junction, as follows: 

To 

r„ 



e e -< 0 




Z\ — Zo 
Zi + Zo' 

Zn+\ Z n 

Z n +i + z n 
Zl — Zn 
Zl + Zn 



(5.43a) 
(5.43b) 
(5.43c) 



FIGURE 5.14 Partial reflection coefficients for a multisection matching transformer. 
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We also assume that all Z„ increase or decrease monotonically across the transformer 
and that is real. This implies that all T n will be real and of the same sign (F n > 0 
if Zl > Zq; r„ < 0 if Zi < Zo). Using the results of the previous section allows us to 
approximate the overall reflection coefficient as 

r(6>) = r 0 + r ie - 2je + r 2 e- 4je + ■■■ + r Ne - 2jNe . (5.44) 

Further assume that the transformer can be made symmetrical, so that Vq — r#, V\ — 
Tn-i, T2 — Fn-2, and so on. (Note that this does not imply that the Z„ are symmetrical.) 
Then (5.44) can be written as 

T(9) = e~i m ( + e~J Ne ] + F^^ 9 + e^^ 6 ] + ■■■}. (5.45) 

If N is odd, the last term is V^-\)/2{e^ 6 + e~' e ), while if N is even, the last term is Vn/2- 
Equation (5.45) is seen to be of the form of a finite Fourier cosine series in 6, which can 
be written as 

T(0) = 2e~ jm r 0 cos N8 + F 1 cos(N - 2)6 + ■ ■ ■ + T n cos(JV - 2n)6 



+ ■■■ + \r N/2 



for Af even, (5.46a) 



F(9) = 2e- / ' A,0 [r o cos NO + Y { cos(N - 2)6 + • • • + T n cos(N - 2n)6 

H h r (7V _ 1)/2 cos(9] for N odd. (5.46b) 

The importance of these results lies in the fact that we can synthesize any desired 
reflection coefficient response as a function of frequency (6) by properly choosing the r„ 
and using enough sections (N). This should be clear from the realization that a Fourier se- 
ries can approximate an arbitrary smooth function if enough terms are used. In the next two 
sections we will show how to use this theory to design multisection transformers for two 
of the most commonly used passband responses: the binomial (maximally flat) response, 
and the Chebyshev (equal-ripple) response. 



BINOMIAL MULTISECTION MATCHING TRANSFORMERS 

The passband response (the frequency band where a good impedance match is achieved) 
of a binomial matching transformer is optimum in the sense that, for a given number of 
sections, the response is as flat as possible near the design frequency. This type of response, 
which is also known as maximally flat, is determined for an A^-section transformer by 
setting the first N — I derivatives of |T(0)| to zero at the center frequency, /q. Such a 
response can be obtained with a reflection coefficient of the following form: 

r(0) = A(l +e- 2je ) N . (5.47) 

Then the reflection coefficient magnitude is 

|T(0)| = \A\\e-j e \ N \ e j e +e-' e \ N 

= 2 W | A|| cos 01* (5.48) 

Note that | T (0)| =0for<9 = n/2, and that d n \r(9)\/d9 n = 0at<9 = jr/2forn = 1,2, 
N — 1. (0 = 7r/2 corresponds to the center frequency, fo, for which I — X/A and 6 — 

pe = jt/2.) 
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We can determine the constant A by letting / -> 0. Then 6 = pi — 0, and (5.47) 
reduces to 

r(0) = 2 w A = ^^, 
Zl + Zo 

since for / = 0 all sections are of zero electrical length. The constant A can then be written 

as 

A = 2~ n Zl - Z ° . (5.49) 
Zl + Z 0 

Next we expand r(0) in (5.47) according to the binomial expansion: 

N 

r(9) = A(l + e^'V = A C N n e~ 2 > n \ (5.50) 

where 

C» = N] (5.51) 
(AT-n)!n! 

are the binomial coefficients. Note that C% = C%_ n , = 1, and Cf = N = C$_ x . The 
key step is now to equate the desired passband response, given by (5.50), to the actual 
response as given (approximately) by (5.44): 

r«?) = a c^e- 2 '" 6 = r 0 + r ie - 2 ^' e + r 2e " 4 ' e + ■ ■ ■ + r^" 2 ^. 

n=0 

This shows that the T„ must be chosen as 

r„ = AC*. (5.52) 

where A is given by (5.49) and C„ is a binomial coefficient. 

At this point, the characteristic impedances, Z„, can be found via (5.43), but a simpler 
solution can be obtained using the following approximation [1], Because we assumed that 
the r„ are small, we can write 

„ Z n +i Z n 1 Z„_|_i 

1 „ = ~ - In , 

Zn+\ ~t~ Z n 2 Z n 

since In x ~ 2(x — l)/(x + 1) for x close to unity. Then, using (5.52) and (5.49) gives 

In h+L ~ 2T n = 2AC N n = 2(2~ n ) Zl ~ Z ° C" ~ 2"^ In — , (5.53) 
„ Zl + Zo Zq 

which can be used to find Z n +\, starting with n — 0. This technique has the advantage of 
ensuring self-consistency, in that Z^+i computed from (5.53) will be equal to Z^, as it 
should. 

Exact design results, including the effect of multiple reflections in each section, can 
be found by using the transmission line equations for each section and numerically solv- 
ing for the characteristic impedances [2]. The results of such calculations are listed in 
Table 5.1, which gives the exact line impedances for N = 2-, 3-, 4-, 5-, and 6-section 
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binomial matching transformers for various ratios of load impedance, Z^,, to feed line 
impedance, Zq. The table gives results only for Zl/Zq > 1; if Zl/Zq < 1, the results for 
Zo/Zz, should be used but with Z\ starting at the load end. This is because the solution is 
symmetric about Zl/Zq — 1; the same transformer that matches Zl to Zq can be reversed 
and used to match Zq to Zl- More extensive tables can be found in reference [2]. 

The bandwidth of the binomial transformer can be evaluated as follows. As in Section 
5.4, let T m be the maximum value of reflection coefficient that can be tolerated over the 
passband. Then from (5.48), 

r m =2 JV |A|cos iv 0 m , 
where 0 m < 7t/2 is the lower edge of the passband, as shown in Figure 5.11. Thus, 



0 m — cos 



1 /r^\ 

2 \\A\J 



l/N' 



(5.54) 



and using (5.33) gives the fractional bandwidth as 

2(/o - fm) 



fo 



= 2- 



fo 

4 
it 



2- 



4<9„ 



■ cos 




i (YA 

2\\A\) 



l/N' 



(5.55) 



EXAMPLE 5.6 BINOMIAL TRANSFORMER DESIGN 

Design a three-section binomial transformer to match a 50 £2 load to a 100 £2 
line and calculate the bandwidth for F m — 0.05. Plot the reflection coefficient 
magnitude versus normalized frequency for the exact designs using 1, 2, 3, 4, and 
5 sections. 



Solution 

For N = 3, Z L 



50 £2, and Z 0 = 100 £2 we have, from (5.49) and (5.53), 

_~-N Z L ~ Z 0 



Zl + Zq 

From (5.55) the bandwidth is 



fo 



= 2- 



cos 



It 



— 1 ^ 

2^+! D Zo 



l/N' 



4 

2 cos 

Tt 



i /r^\ 

2 \\A\) 

1 / 0.05 \ 

2 V 0.0433 ) 



1/3' 



The necessary binomial coefficients are 



0 3!0! 



3! 

20! 
3! 

1!2! 



= 3, 
- 3. 



-0.0433. 



0.70, or 70%. 
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FIGURE 5.15 Reflection coefficient magnitude versus frequency for multisection binomial 
matching transformers of Example 5.6. = 50 Q and Zq = 100 £2. 



Using (5.53) gives the required characteristic impedances as 



n=0: InZ! = lnZn + 2 _iv c2ln — 

0 Z 0 



= lnl00 + 2- J (l)ln 



50 

Too 



4.518, 



Zi = 91.7 £2; 
n = \: lnZ 2 = InZi +2"' v Ciln 



Z 0 

, 50 
ln91.7 + 2- 3 (3)ln — 



4.26, 



Z 2 = 70.7 Q; 
n = 2: In Z 3 = In Z 2 + 2"' v C| In 



Zo 
50 



= In 70.7 + 2~\3) In =4.00, 



100 



Z 3 - 54.5 Q. 



To use the data in Table 5.1 we reverse the source and load impedances and 
consider the problem of matching a 100 Q load to a 50 £2 line. Then Z^ /Zq — 2.0, 
and we obtain the exact characteristic impedances as Zi = 91.7 £2, Z 2 = 70.7 £2, 
and Z3 = 54.5 £2 , which agree with the approximate results to three significant 
digits. Figure 5.15 shows the reflection coefficient magnitude versus frequency for 
exact designs using N — 1, 2, 3, 4, and 5 sections. Observe that greater bandwidth 
is obtained for transformers using more sections. ■ 



CHEBYSHEV MULTISECTION MATCHING TRANSFORMERS 

In contrast with the binomial transformer, the multisection Chebyshev matching trans- 
former optimizes bandwidth at the expense of passband ripple. Compromising on the flat- 
ness of the passband response leads to a bandwidth that is substantially better than that of 
the binomial transformer for a given number of sections. The Chebyshev transformer is 
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designed by equating r(0) to a Chebyshev polynomial, which has the optimum character- 
istics needed for this type of transformer. We will first discuss the properties of Chebyshev 
polynomials and then derive a design procedure for Chebyshev matching transformers us- 
ing the small-reflection theory of Section 5.5. 

Chebyshev Polynomials 

The nth-order Chebyshev polynomial is a polynomial of degree n, denoted by T n (x). The 
first four Chebyshev polynomials are 

Ti(x)=x, (5.56a) 

T 2 (x) = 2x 2 -l, (5.56b) 

T 3 (x) = 4x 3 - 3x, (5.56c) 

T 4 (x) = 8x 4 -8x 2 + 1. (5.56d) 

Higher order polynomials can be found using the following recurrence formula: 

r„(x) = 2xr„_!(x)-r„_ 2 (x). (5.57) 

The first four Chebyshev polynomials are plotted in Figure 5.16, from which the fol- 
lowing very useful properties of Chebyshev polynomials can be noted: 

• For —1 < x < 1, |r„(x)| < 1. In this range the Chebyshev polynomials oscillate 
between ±1. This is the equal- ripple property, and this region will be mapped to 
the passband of the matching transformer. 

• For \x\ >1, |r„(x)| >1. This region will map to the frequency range outside the 
passband. 

• For \x\ >1, the |r„(x)| increases faster with x as n increases. 
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Now let x — cos 9 for |x \ < 1. Then it can be shown that the Chebyshev polynomials 
can be expressed as 

T„(cos6) — cos n9, 

or more generally as 

r„(x) = cos(n cos -1 x) for \x\ < 1, (5.58a) 
T„(x) — cosh(« cosh -1 x) for x > 1. (5.58b) 

We desire equal ripple for the passband response of the transformer, so it is necessary to 
map 9 m to x = 1 and n — 0 m to x = — 1, where 9 m and jt — 9 m are the lower and upper 
edges of the passband, respectively, as shown in Figure 5.11. This can be accomplished by 
replacing cos 6 in (5.58a) with cos 6 /cos 9 m : 



/ cos 9 \ 
" \cos9 m J 



T„ (sec 9 m cos 9) — cos n 



cos 1 



cos 9 



(5.59) 



Then | sec9 m cos#| < 1 for 9 m < 9 < it — 9 m , so |r„(sec# m cos#)| < 1 over this same 
range. 

Because cos" 9 can be expanded into a sum of terms of the form cos(« — 2m)9, the 
Chebyshev polynomials of (5.56) can be rewritten in the following useful form: 

T\ (sec 9 m cos 9) — sec 9 m cos 9, (5.60a) 

r 2 (sec£ m cos6>) = sec 2 6> m (l +cos26>) - 1, (5.60b) 

Tt, (sec0 m cos 9) = sec 3 9 m (cos 39 + 3cos#) — 3 sec^ m cos 9, (5.60c) 

T 4 (sec 9 m cos 9) — sec 4 9 m (cos 40+4 cos 29 + 3) 

-4sec 2 (9 m (cos26> + 1) + 1. (5.60d) 

These results can be used to design matching transformers with up to four sections, and 
will also be used in later chapters for the design of directional couplers and filters. 

Design of Chebyshev Transformers 

We can now synthesize a Chebyshev equal-ripple passband by making V(9) proportional 
to r^v (sec0 m cos 9), where N is the number of sections in the transformer. Thus, using 
(5.46), we have 

T(<9) = 2e~ jm [T 0 cos N9 + Ti cos(N - 2)0 + ■ ■ ■ + V n cos(N - 2n)9 + • • •] 

= Ae- jNe T N (sec 0 m cos 6), (5.61) 

where the last term in the series of (5.61) is (1/2)^/2 for N even and r(^_i)/2 cos 9 for 
jV odd. As in the binomial transformer case, we can find the constant A by letting 9 — 0, 
corresponding to zero frequency. Thus, 

r(0)= l L ~l° =AT N (sec e m ), 

so we have 

a =Zl^Zo 1 

Z L + Zq T N (scc9 m ) 

If the maximum allowable reflection coefficient magnitude in the passband is r m , then 
from (5.61) T m — \A \ since the maximum value of T n (sec6 m cos 9) in the passband is unity. 
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Then (5.62) gives 



T N (sec9 m ) 



Zl — Zq 



Zl + Zq 



which, after using (5.58b) and the approximations introduced in Section 5.6, allows us to 
determine 6 m as 



sec 6 m — cosh 



— cosh 



1 

N 



cosh 





Z L 


-Z Q 


)] 


\ 1 m 


Zl 


+ z 0 





— cosh 
N 



1 / In Z L /Z 0 \ 

V 2r m ) 



Once 6 m is known, the fractional bandwidth can be calculated from (5.33) as 



fo 



2- 



40„ 



(5.63) 



(5.64) 




From (5.61), the T„ can be determined using the results of (5.60) to expand Tn (sec 6 m cos 6) 
and equating similar terms of the form cos(N — 2n)6. The characteristic impedances Z„ 
can be found from (5.43), although, as in the case of the binomial transformer, accuracy 
can be improved and self-consistency can be achieved by using the approximation that 

_ 1 Z„_i_i 
2 Z n 

This procedure will be illustrated in Example 5.7. 

The above results are approximate because of the reliance on small-reflection theory 
but are general enough to design transformers with an arbitrary ripple level, T m . Table 5.2 
gives exact results [2] for a few specific values of Y m for N — 2,3, and 4 sections; more 
extensive tables can be found in reference [2]. 



EXAMPLE 5.7 CHEBYSHEV TRANSFORMER DESIGN 

Design a three-section Chebyshev transformer to match a 100 Q load to a 50 £2 
line with T m — 0.05, using the above theory. Plot the reflection coefficient mag- 
nitude versus normalized frequency for exact designs using 1, 2, 3, and 4 sections. 

Solution 

From (5.61) with N — 3, 



r(6). 
Then A — T„ 



2e~ j3e (T 0 cos 36» + Ti cos 6) = Ae~ iw T 3 (sec 6 m cos 6). 
= 0.05, and from (5.63), 



sec# m = cosh 

= cosh 
= 1.408, 

so6> m - 44.7°. 

Using (5.60c) for T3 gives 



cosh 



lnZ L /Z 0 y 

2Tm / 



! / ln(100/50 )^ 
V 2(0.05) 



J 



2 (fo cos 30 + Ti cos 6) — A sec 9 m (cos 36 + 3 cos 6) — 3 A sec 6 m cos 6. 
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TABLE 5.2 Chebyshev Transformer Design 
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r m = 0.20 
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1 nnnn 
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1 nnnn 

l.UUUU 


1 nnnn 
1 .uuuu 
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1.1347 


1.3219 


1.2247 


1.2247 


1.1029 


1.2247 


1.3601 


1.2247 


1.2247 


1.2247 


2.0 


1.2193 


1.6402 


1.3161 


1.5197 


1.1475 


1.4142 


1.7429 


1.2855 


1.4142 


1.5558 


3.0 


1.3494 


2.2232 


1.4565 


2.0598 


1 0 1 1 1 
1.Z1 / 1 


1 1 






1. 1 ill 


0 1 coo 
Z. 1 8ZV 


4.0 


1.4500 


2.7585 


1.5651 


2.5558 


1.2662 


2.0000 


3.1591 


1.4333 


2.0000 


2.7908 


6.0 


1.6047 


3.7389 


1.7321 


3.4641 


1.3383 


2.4495 


4.4833 


1.5193 


2.4495 


3.9492 


8.0 


1.7244 


4.6393 


1.8612 


4.2983 


1.3944 


2.8284 


5.7372 


1.5766 


2.8284 


5.0742 


10.0 


1.8233 


5.4845 


1.9680 


5.0813 


1.4385 


3.1623 


6.9517 


1.6415 


3.1623 


6.0920 
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Zl/Zn 

1 / U 


z/ u 


Z^/Zr, 

jf u 


A/1 / Zfl 
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1.0000 


1.0000 


1.0000 


1.0000 


1.0000 


1.0000 


1.0000 
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1.5 


1.0892 


1.1742 


1.2775 


1.3772 


1.2247 


1.2247 


1.2247 


1.2247 






2.0 


1.1201 


1.2979 


1.5409 


1.7855 


1.2727 


1.3634 


1.4669 


1.5715 






3.0 


1.1586 


1.4876 


2.0167 


2.5893 


1.4879 


1.5819 


1.8965 


2.0163 






4.0 


1.1906 


1.6414 


2.4369 


3.3597 


1.3692 


1.7490 


2.2870 


2.9214 






6.0 


1.2290 


1.8773 


3.1961 


4.8820 


1.4415 


2.0231 


2.9657 


4.1623 






8.0 


1.2583 


2.0657 


3.8728 


6.3578 


1.4914 


2.2428 


3.5670 


5.3641 






10.0 


1.2832 


2.2268 


4.4907 


7.7930 


1.5163 


2.4210 


4.1305 


6.5950 





Equating similar terms in cos nO gives the following results: 

cos 39: 2Tq — A sec 3 6 m , 
T 0 = 0.0698; 
cosO: 2i"i = 3A(sec 3 # m — sec9 m ), 
Ti = 0.1037. 

From symmetry we also have that 

r 3 = To = 0.0698, 
r 2 = V l =0.1037. 

Then the characteristic impedances are: 

n — 0: In Z\ — In Z 0 + 2r 0 

= In 50 + 2(0.0698) = 
Zi = 57.5 fi; 
n = 1: lnZ 2 = InZi + 2Ti 

= In 57.5 + 2(0.1037) 
Z 2 = 70.7 £2; 
n = 2: In Z 3 = In Z 2 + 2r 2 

= In 70.7 + 2(0.1037) 
Z 3 = 87.0 £2. 



4.051 
= 4.259 
= 4.466 
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FIGURE 5.17 Reflection coefficient magnitude versus frequency for the multisection matching 



These values can be compared to the exact values from Table 5.2 of Z\ — 57.37 £l, 
Z 2 = 70.71 Q, and Z 3 = 87.15 Q. The bandwidth, from (5.64), is 



or 101%. This is significantly greater than the bandwidth of the binomial trans- 
former of Example 5.6 (70%), which involved the same impedance mismatch. 
The trade-off, of course, is a nonzero ripple in the passband of the Chebyshev 
transformer. 

Figure 5.17 shows reflection coefficient magnitudes versus frequency for the 
exact designs from Table 5.2 for N — 1,2, 3, and 4 sections. ■ 



In the preceding sections we discussed how an arbitrary real load impedance could be 
matched to a line over a desired bandwidth by using multisection matching transformers. 
As the number /V of discrete transformer sections increases, the step changes in charac- 
teristic impedance between the sections become smaller, and the transformer geometry 
approaches a continuously tapered line. In practice, of course, a matching transformer 
must be of finite length — often no more than a few sections long. This suggests that, 
instead of discrete sections, the transformer can be continuously tapered, as shown in 
Figure 5. 18a. Different passband characteristics can be obtained by using different types of 
taper. 

In this section we will derive an approximate theory, again based on the theory of small 
reflections, to predict the reflection coefficient response as a function of the impedance 
taper versus position, Z(z). We will apply these results to a few common types of imped- 
ance tapers. 

Consider the continuously tapered line of Figure 5.18a as being made up of a num- 
ber of incremental sections of length Az, with an impedance change AZ(z) from one 



transformers of Example 5.7. 




TAPERED LINES 
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Ar 



z 



(a) 



Z+ AZ 
-o o- 



z z + Az z 

(b) 

FIGURE 5.18 A tapered transmission line matching section and the model for an incremen- 
tal length of tapered line, (a) The tapered transmission line matching section, 
(b) Model for an incremental step change in impedance of the tapered line. 



section to the next, as shown in Figure 5.18b. The incremental reflection coefficient from 
the impedance step at z is given by 

(Z + AZ)-Z AZ 

Ar = ~ . (5.65) 

(Z + AZ) + Z 2Z 

In the limit as Az — > 0 we have an exact differential: 

dZ I dQnZ/Zp) 
dT=- = -— — dz, (5.66) 

since 

d(lnf(z)) = 1 df(z) 
dz f dz 

By using the theory of small reflections, we can find the total reflection coefficient at 
z — 0 by summing all the partial reflections with their appropriate phase shifts: 



V(9) 



where 6 — 2ftl. If Z(z) is known, F(6) can be found as a function of frequency. Alter- 
natively, if r(9) is specified, then in principle Z(z) can be found by inversion. This latter 
procedure is difficult, and is generally avoided in practice; the reader is referred to refer- 
ences [1] and [4] for further discussion of this topic. Here we will consider three special 
cases of Z(z) impedance tapers, and evaluate the resulting responses. 



Exponential Taper 

Consider first an exponential taper, where 

Z(z) = Z 0 e az for 0 < z < L, (5.68) 
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as indicated in Figure 5.19a. At z — 0, Z(0) = Zq, as desired. At z — L we wish to have 
Z(L) = Zi — Z$e aL , which determines the constant a as 

a = Iln(|). (5.69) 

We find r(0) by using (5.68) and (5.69) in (5.67): 

*L 

2 

In Z L /Z 0 



1 f e - 2 ^ z — Qne az )dz 

2 Jo dz 

[ L e- 2 ^dz 
J o 



In Zt/Zq ;rj sin BL 
= |L_° e -^_^_. (5.70) 

Observe that this derivation assumes that B, the propagation constant of the tapered line, is 
not a function of z — an assumption generally valid only for TEM lines. 

The magnitude of the reflection coefficient in (5.70) is sketched in Figure 5.19b; note 
that the peaks in |T| decrease with increasing length, as one might expect, and that the 
length should be greater than A/2 (fiL > n) to minimize the mismatch at low frequencies. 



Triangular Taper 

Next consider a triangular taper for d In (Z/Zq) /dz, that is, 



Z(z) = 



Zoe 2(z/L) 2 inZ L /z 0 forO<z<L/2 

Zoe (4 2 /L-2zVi 2 -DlnZ L /Z 0 folL/2 < z <L, { ' 
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IE 5.20 A matching section with a triangular taper for d{\nZ / Zq) /dz- (a) Variation of 
impedance, (b) Resulting reflection coefficient magnitude response. 



so that the derivative is triangular in form: 

d(lnZ/Z Q ) _ \ 4z/L 2 In Z l /Zq forO<z<L/2 
dz ' \(4/L-4z/L 2 )lnZ L /Z Q foiL/2<z<L. 
Z(z) is plotted in Figure 5.20a. Evaluating T from (5.67) gives 

r(0) = - e -^ L ln 



(!) 


"sin(j8L/2)" 




I PL/2 



(5.72) 



(5.73) 



The magnitude of this result is sketched in Figure 5.20b. Note that, for fJL > 2jt, the 
peaks of the triangular taper are lower than the corresponding peaks of the exponential 
case. However, the first null for the triangular taper occurs at fiL — 2tt, whereas for the 
exponential taper it occurs at f3L — it. 



Klopfenstein Taper 

Considering the fact that there is an infinite number of possibilities for choosing an 
impedance matching taper, it is logical to ask if there is a design that is "best." For a given 
taper length (greater than some critical value), the Klopfenstein impedance taper [4, 5] has 
been shown to be optimum in the sense that the reflection coefficient is minimum over the 
passband. Alternatively, for a maximum reflection coefficient specification in the passband, 
the Klopfenstein taper yields the shortest matching section. 

The Klopfenstein taper is derived from a stepped Chebyshev transformer as the num- 
ber of sections increases to infinity, and is analogous to the Taylor distribution of antenna 
array theory. We will not present the details of this derivation, which can be found in 
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references [1] and [4]; only the necessary results for the design of Klopfenstein tapers are 
given in what follows. 

The logarithm of the characteristic impedance variation for the Klopfenstein taper is 
given by 

1 r 

In Z(z) = -In Z 0 Z L + — ^—A 2 (j){2z/ L — 1, A) forO<z<L, (5.74) 

2 cosh A 

where the function <j)(x, A) is defined as 

f x h (A J I - y 2 ) 

<t>{x, A) = -<p(-x, A) = / v 7 -dy for \x\ < 1, (5.75) 



2 



where h(x) is the modified Bessel function. The function of (5.75) has the following spe- 
cial values: 

0(0, A) = 0 
<j>(x, 0) = X - 

cosh A — 1 
0(1. A) =— , 

but otherwise (5.75) must be calculated numerically. A simple and efficient method for 
doing this is available [6]. 

The resulting reflection coefficient is given by 

m cos J (fiL) 2 — A 2 

T(9) = r 0 e~'^ L for /3L > A. (5.76) 

cosh A 

If PL < A, the cos j(fiL) 2 - A 2 term becomes cosh j A 2 - (PL) 2 . 

In (5.74) and (5.76), Fq is the reflection coefficient at zero frequency, given as 

r 0 =i^!^-ln(^l. (5.77) 



2 \Z Q J 



Z L + Z 0 

The passband is defined as PL > A, and so the maximum ripple in the passband is 

To 



(5.78) 




cosh A 

because T(9) oscillates between ±To/ cosh A for PL > A. 

It is interesting to note that the impedance taper of (5.74) has steps at z — 0 and 
L (the ends of the tapered section) and so does not smoothly join the source and load 
impedances. A typical Klopfenstein impedance taper and its response are given in the fol- 
lowing example. 



EXAMPLE 5.8 DESIGN OF TAPERED MATCHING SECTIONS 

Design a triangular taper, an exponential taper, and a Klopfenstein taper (with 
T m — 0.02) to match a 50 £2 load to a 100 £2 line. Plot the impedance variations 
and resulting reflection coefficient magnitudes versus PL. 



Solution 

Triangular taper: From (5.71) the impedance variation is 



Z(z) = Z 0 



e 2( Z /L) 2 lnZ i /Z 0 for 0 < z < L/2 

e (4z/L-2z 2 /Ll-l)lnZ L /Z 0 foj . L/2 < Z < L, 
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FIGURE 5.21 Solution to Example 5.8. (a) Impedance variations for the triangular, exponential, 
and Klopfenstein tapers, (b) Resulting reflection coefficient magnitude versus fre- 
quency for the tapers of (a). 

with Zo = 100 Q and Zl — 50 Q. The resulting reflection coefficient response is 
given by (5.73): 

1 "* s r.:-,or ml 



(1) 


"sin(jSL/2)" 




I PL/2 



ir(0)| =-ln 

Exponential taper: From (5.68) the impedance variation is 

Z(z) = Z 0 e az forO <z<L, 

witha = (l/L)lnZi/Zo = 0.693/L. The reflection coefficient response is, from 
(5.70), 

sin/JL 



2 \Z 0 J 



PL 



Klopfenstein taper: Using (5.77) gives To as 

T 0 = - In | — ) = 0.346 
2 \ZoJ 
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and (5.78) gives A as 



(rj 



A = cosh -1 — = cosh -1 I -— - | = 3.543. 



0.346 
O02 



The impedance taper must be numerically evaluated from (5.74). The reflection 
coefficient magnitude is given by (5.76): 

cos J (BL) 2 — A 2 

|r(e)|=r 0 ^ ' • 

cosh A 

The passband for the Klopfenstein taper is defined as BL > A — 3.543 = 1 .13k. 

Figure 5.21 shows the impedance variations (vs. z/L), and the resulting re- 
flection coefficient magnitude (vs. 0L) for the three types of tapers. The Klopfen- 
stein taper gives the desired response of | T \ <V m — 0.02 for BL > 1 . 13jt, which 
is smaller than the corresponding lengths of either the triangular or the expo- 
nential taper transformer. Also note that, like the stepped-Chebyshev matching 
transformer, the response of the Klopfenstein taper has equal-ripple lobes versus 
frequency in its passband. ■ 



THE BODE-FANO CRITERION 

In this chapter we discussed several techniques for matching an arbitrary load at a single 
frequency, using lumped elements, tuning stubs, and single-section quarter-wave trans- 
formers. We presented multisection matching transformers and tapered lines as a means of 
obtaining broader bandwidths with various passband characteristics. We close our study of 
impedance matching with a somewhat qualitative discussion of the theoretical limits that 
constrain the performance of an impedance matching network. 

We limit our discussion to the circuit of Figure 5.1, where a lossless network is used to 
match an arbitrary complex load, generally over a nonzero bandwidth. From a very general 
perspective, we might raise the following questions in regard to this problem: 

• Can we achieve a perfect match (zero reflection) over a specified bandwidth? 

• If not, how well can we do? What is the trade-off between T m , the maximum allow- 
able reflection in the passband, and the bandwidth? 

• How complex must the matching network be for a given specification? 

These questions can be answered by the Bode-Fano criterion [7, 8] which gives, for 
certain canonical types of load impedances, a theoretical limit on the minimum reflec- 
tion coefficient magnitude that can be obtained with an arbitrary matching network. The 
Bode-Fano criterion thus represents an optimum result that can be ideally achieved, even 
though such a result may only be approximated in practice. Such optimal results are always 
important, however, because they specify an upper limit of performance, and so provide a 
benchmark against which a practical design can be compared. 

Figure 5.22a shows a lossless network used to match a parallel RC load impedance. 
The Bode-Fano criterion states that 

f°° 1 it 

/ In— -deo<—, (5.79) 

Jo |r(«)| RC 

where r(a>) is the reflection coefficient seen looking into the arbitrary lossless match- 
ing network. The derivation of this result is beyond the scope of this text (the interested 
reader is referred to references [7] and [8]); our goal here is to discuss the implications of 
this result. 



268 Chapter 5: Impedance Matching and Tuning 



r(a>). 



Ho,) 





Circuit 






Lossless 
matching 
network 






C- 









Lossless 
matching 
network 



Lossless 
matching 
network 



(a) 



(b) 



(c) 



/ 

•'n 



Bode-Fano limit 



In 



i ; dux — 

|l»| RC 



f 



■ In 



lr(a>)l 



du> < ttRC 



■ In 



1 



■ rrL 

lr(a))l R 



r(a>). 



Lossless 
matching 
network 



1 , „ irR 

: dlO < — 



(d) 

FIGURE 5.22 The Bode-Fano limits for i?C and #L loads matched with passive and lossless 
networks (wq is the center frequency of the matching bandwidth), (a) Parallel RC. 
(b) Series RC. (c) Parallel RL. (d) Series RL. 



Assume that we desire to synthesize a matching network with a reflection coefficient 
response like that shown in Figure 5.23a. Applying (5.79) to this function gives 



[°° i r l l 7i 

/ In — dm — I In — dco — Aco In — < — 

Jo |r| J Aq> r m r m ~ rc 



(5 ' 80) 



which leads to the following conclusions: 



• For a given load (a fixed RC product), a broader bandwidth (A&j) can be achieved 
only at the expense of a higher reflection coefficient in the passband (Y m ). 

• The passband reflection coefficient, F m , cannot be zero unless Aco — 0. Thus a 
perfect match can be achieved only at a finite number of discrete frequencies, as 
illustrated in Figure 5.23b. 

• As R and/or C increases, the quality of the match (Aco and/or 1 / Y m ) must decrease. 
Thus, higher- Q circuits are intrinsically harder to match than are lower- Q circuits 
(we will discuss Q in Chapter 6). 



Because In ( 1 / 1 F \ ) is proportional to the return loss (in dB) at the input of the matching 
network, (5.79) can be interpreted as requiring that the area between the return loss curve 
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Not realizable Realizable 
(b) 

FIGURE 5.23 Illustrating the Bode-Fano criterion, (a) A possible reflection coefficient response, 
(b) Nonrealizable and realizable reflection coefficient responses. 

and the |T| — 1 (RL — 0 dB) axis must be less than or equal to a particular constant. 
Optimization then implies that the return loss curve be adjusted so that | T | — T m over 
the passband and |T| = 1 elsewhere, as in Figure 5.23a. In this way, no area under the 
return loss curve is wasted outside the passband, or lost in regions within the passband 
for which |T| < T m . The square-shaped response of Figure 5.23a is therefore the optimum 
response, but cannot be realized in practice because it would require an infinite number 
of elements in the matching network. It can be approximated, however, with a reasonably 
small number of elements, as described in reference [8]. Finally, note that the Chebyshev 
matching transformer can be considered as a close approximation to the ideal passband of 
Figure 5.23a when the ripple of the Chebyshev response is made equal to T m . Figure 5.22 
lists the Bode-Fano limits for other types of RC and RL loads. 
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PROBLEMS 



5.1 Design two lossless L-section matching circuits to match each of the following loads to a 100 Q 
generator at 3 GHz. (a) Z L = 150 - j200 Q and (b) Z L = 20 - j90 Q. 

5.2 We have seen that the matching of an arbitrary load impedance requires a network with at least two 
degrees of freedom. Determine the types of load impedances/admittances that can be matched with 
the two single-element networks shown below. 




(a) (b) 



5.3 A load impedance = 100 + j80 CI is to be matched to a 75 Q line using a single shunt-stub tuner. 
Find two designs using open-circuited stubs. 

5.4 Repeat Problem 5.3 using short-circuited stubs. 

5.5 A load impedance Zl =90 + j60 £2 is to be matched to a 75 Q line using a single series-stub tuner. 
Find two designs using open-circuited stubs. 

5.6 Repeat Problem 5.5 using short-circuited stubs. 

5.7 In the circuit shown below a load Zi = 200 + j 100 £2 is to be matched to a 40 Q, line, using a length 
I of lossless transmission line of characteristic impedance Z\ . Find I and Zj . Determine, in general, 
what type of load impedances can be matched using such a circuit. 



Z„ = 40 £2 



Z L = 200 +;100 n 



5.8 An open-circuit tuning stub is to be made from a lossy transmission line with an attenuation con- 
stant a. What is the maximum value of normalized reactance that can be obtained with this stub? 
What is the maximum value of normalized reactance that can be obtained with a shorted stub of the 
same type of transmission line? Assume at is small. 

5.9 Design a double-stub tuner using open-circuited stubs with a A/8 spacing to match a load admittance 
Y L = (0A + jl.2)Y 0 . 

5.10 Repeat Problem 5.9 using a double-stub tuner with short-circuited stubs and a 3A./8 spacing. 

5.11 Derive the design equations for a double-stub tuner using two series stubs spaced a distance d apart. 
Assume the load impedance is Z^ = Ri + jX^. 

5.12 Consider matching a load Z^ = 200 Q to a 100 Q line, using single shunt-stub, single series stub, 
and double shunt-stub tuners, with short-circuited stubs. Which tuner will give the best bandwidth? 
Justify your answer by calculating the reflection coefficient for all six solutions at 1 . 1 /o, where fy is 
the match frequency, or use CAD to plot the reflection coefficient versus frequency. 

5.13 Design a single-section quarter-wave matching transformer to match a 350 Q load to a 100 Ci line. 
What is the percent bandwidth of this transformer, for SWR < 2? If the design frequency is 4 GHz, 
sketch the layout of a microstrip circuit, including dimensions, to implement this matching trans- 
former. Assume the substrate is 0.159 cm thick, with a relative permittivity of 2.2. 

5.14 Consider the quarter-wave transformer of Figure 5.13 with Zj = 100 Q, Z2 = 150 Q, and Z^ = 
225 Q. Evaluate the worst-case percent error in computing |T| from the approximate expression 
(5.42), compared to the exact result. 
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5.15 A waveguide load with an equivalent TEjq wave impedance of 377 Q must be matched to an air-filled 
X-band rectangular guide at 10 GHz. A quarter- wave matching transformer is to be used, and is to 
consist of a section of guide filled with dielectric. Find the required dielectric constant and physical 
length of the matching section. What restrictions on the load impedance apply to this technique? 

5.16 A four-section binomial matching transformer is to be used to match a 12.5 £i load to a 50 Q 
line at a center frequency of 1 GHz. (a) Design the matching transformer, and compute the band- 
width for T m — 0.05. Use CAD to plot the input reflection coefficient versus frequency, (b) Lay out 
the microstrip implementation of this circuit on an FR4 substrate having e r — 4.2, d — 0.158 cm, 
and tan <5 = 0.02, with copper conductors 0.5 mil thick. Use CAD to plot the insertion loss versus 
frequency. 

5.17 Derive the exact characteristic impedance for a two-section binomial matching transformer for a 
normalized load impedance Z^/Zq = 1.5. Check your results with Table 5.1. 

5.18 Calculate and plot the percent bandwidth for an A' = 1-, 2-, and 4-section binomial matching trans- 
former versus Z^/Zq = 1.5 to 6 for T m — 0.2. 

5.19 Design a four-section Chebyshev matching transformer to match a 50 Q, line to a 30 Q load. The 
maximum permissible SWR over the passband is 1.25. What is the resulting bandwidth? Use the 
approximate theory developed in the text, as opposed to the tables. Use CAD to plot the input SWR 
versus frequency. 

5.20 Derive the exact characteristic impedances for a two-section Chebyshev matching transformer for a 
normalized load impedance Z^/Zq = 1.5. Check your results with Table 5.2 for T m — 0.05. 

5.21 A load of Z^/Zq = 1.5 is to be matched to a feed line using a multisection transformer, and it is 
desired to have a passband response with \T(0)\ — A(0.1 + cos 2 0) for 0 < 6 < it. Use the approx- 
imate theory for multisection transformers to design a two-section transformer. 

5.22 A tapered matching section has d In (Z/Zq) /dz = A sin nz/L. Find the constant A so that Z(0) = 
Zq and Z(L) = Z^. Compute T, and plot |T| versus j3L. 

5.23 Design an exponentially tapered matching transformer to match a 100 Q load to a 50 Q line. Plot | F | 
versus /SL, and find the length of the matching section (at the center frequency) required to obtain 
|T| < 0.05 over a 100% bandwidth. How many sections would be required if a Chebyshev matching 
transformer were used to achieve the same specifications? 

5.24 An ultra wideband (UWB) radio transmitter, operating from 3.1 to 10.6 GHz, drives a parallel RC 
load with R = 75 Q and C = 0.6 pF. What is the best return loss that can be obtained with an 
optimum matching network? 

5.25 Consider a series RL load with R = 80 SI and L = 5 nH. Design a lumped-element L-section match- 
ing network to match this load to a 50 £1 line at 2 GHz. Plot |T| versus frequency for this network 
to determine the bandwidth for which |T| < T m =0.1. Compare this with the maximum possible 
bandwidth for this load, as given by the Bode-Fano criterion. (Assume a square reflection coefficient 
response like that of Figure 5.23a.) 



Microwave Resonators 



Microwave resonators are used in a variety of applications, including niters, oscillators, 
frequency meters, and tuned amplifiers. Because the operation of microwave resonators is very 
similar to that of lumped-element resonators of circuit theory, we will begin by reviewing the 
basic characteristics of series and parallel RLC resonant circuits. We will then discuss various 
implementations of resonators at microwave frequencies using distributed elements such as 
transmission lines, rectangular and circular waveguides, and dielectric cavities. We will also 
discuss the excitation of resonators using apertures and current sheets. 



SERIES AND PARALLEL RESONANT CIRCUITS 

At frequencies near resonance, a microwave resonator can usually be modeled by either a 
series or parallel RLC lumped-element equivalent circuit, and so we will now review some 
of the basic properties of these circuits. 

Series Resonant Circuit 

A series RLC resonant circuit is shown in Figure 6.1a. The input impedance is 



6.1 



R + jcoL - j 



1 

coC ' 



(6.1) 



and the complex power delivered to the resonator is 




1*1 9 1 

-VI* = -Z ia \I\ 2 = -Zi 
2 2 2 



V 



2 



in 



in 




(6.2) 
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FIGURE 6.1 A series RLC resonator and its response, (a) A series RLC resonator circuit, (b) Input 
impedance magnitude versus frequency. 



The power dissipated by the resistor R is 

Ploss = \\I\ 2 R, 

the average magnetic energy stored in the inductor L is 

W m = -|/| 2 L, 



(6.3a) 



(6.3b) 



and the average electric energy stored in the capacitor C is 



1 



1 



W e = -WcVC= -I/I 



1 



. 2 C 



(6.3c) 



where V c is the voltage across the capacitor. Then the complex power of (6.2) can be 
rewritten as 



Pin = Ploss + 2jco(W m - W e ), 

and the input impedance of (6.1) can be rewritten as 

2Pin Pi oss + 2jco(W m -W e ) 



\I\ 7 



il/l 2 



(6.4) 



(6.5) 



Resonance occurs when the average stored magnetic and electric energies are equal, or 
W m — W e . Then from (6.5) and (6.3a), the input impedance at resonance is 



Plo 



k\I\ 2 



R, 
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which is purely real. From (6.3b,c), W m — W e implies that the resonant frequency, coq, can 
be defined as 

coq - — =. (6.6) 

Another important parameter of a resonant circuit is its Q, or quality factor, which is 
defined as 

average energy stored 

Q — co 

energy loss/second 

W m + W e 

= co — . (6.7) 

"loss 

Thus Q is a measure of the loss of a resonant circuit — lower loss implies a higher Q. 
Resonator losses may be due to conductor loss, dielectric loss, or radiation loss, and are 
represented by the resistance, R, of the equivalent circuit. An external connecting network 
may introduce additional loss. Each of these loss mechanisms will have the effect of low- 
ering the Q. The Q of the resonator itself, disregarding external loading effects, is called 
the unloaded Q, denoted as go- 

For the series resonant circuit of Figure 6.1a, the unloaded Q can be evaluated from 
(6.7), using (6.3) and the fact that W m — W e at resonance, to give 

2W m coqL 1 
Qo = coq-— = — = ——, (6.8) 
floss R coqRC 

which shows that Q increases as R decreases. 

Next, consider the behavior of the input impedance of this resonator near its resonant 
frequency [1]. Let to — coq + Aco, where Aco is small. The input impedance can then be 
rewritten from (6.1) as 

Z in = R +jcoL ( 1 
— R + jcoL 

since co^ — l/LC. Now co 2 — coq — (co — coq)(co + coq) — Aco(2co — Aco) ~ IcoAco for 
small Aco. Thus, 

Z in - R + jlLAco 
^ R + j 2RQoAco 

COQ 

This form will be useful for identifying equivalent circuits with distributed element 
resonators. 

Alternatively, a resonator with loss can be modeled as a lossless resonator whose res- 
onant frequency, coo, nas been replaced with a complex effective resonant frequency: 

a>o^o(l + 4) (6.10) 

This can be seen by considering the input impedance of a series resonator with no loss, as 
given by (6.9) with R — 0: 




Z in = j2L(co - coq). 
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Then substituting the complex frequency of (6.10) for coq gives 

COQ 



Z in = j2L [cO-COQ- j 
cooL 

= h j2L(co - coo) = R + j2LAco, 

Go 

which is identical to (6.9). This is a useful procedure because for most practical resonators 
the loss is very small, so the Q can be found using the perturbation method, beginning 
with the solution for the lossless case. Then the effect of loss can be added to the input 
impedance by replacing coo with the complex resonant frequency given in (6. 10). 

Finally, consider the half-power fractional bandwidth of the resonator. Figure 6.1b 
shows the variation of the magnitude of the input impedance versus frequency. When the 
frequency is such that |Zi n | 2 = 2R 2 , then by (6.2) the average (real) power delivered to 
the circuit is one-half that delivered at resonance. If BW is the fractional bandwidth, then 
Aco/coo — BW/2 at the upper band edge. Using (6.9) gives 

\R+jRQ Q (BW)\ 2 = 2R 2 , 



or 



BW=— . (6.11) 
Go 



Parallel Resonant Circuit 



The parallel RLC resonant circuit, shown in Figure 6.2a, is the dual of the series RLC 
circuit. The input impedance is 

Z^I + ^ + M:)" 1 . (6.12) 




FIGURE 6.2 A parallel RLC resonator and its response, (a) A parallel RLC circuit, (b) Input 
impedance magnitude versus frequency. 
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and the complex power delivered to the resonator is 



1*1 9 1 9 1 

P m = -VI* = -Z in \I\ 2 = -|V| 2 — 
2 2 2 Z* 



2 

The power dissipated by the resistor, R, is 



^ |2 G + i-^ C ) (6 ' 13) 



2 R 

the average electric energy stored in the capacitor, C, is 



i \v\ z 

floss =^ L = L , (6.14a) 



W e = -|V| z C, (6.14b) 
and the average magnetic energy stored in the inductor, L, is 

W m = ]\Il\ 2 L= Vl 2 4r' ^ 14c > 
4 4 co z L 

where Ii is the current through the inductor. Then the complex power of (6.13) can be 
rewritten as 

Pin = floss + 2jC0(W m - W e ), (6.15) 

which is identical to (6.4). Similarly, the input impedance can be expressed as 

2P ia Pi oss + 2jco(W m - W e ) 

Z - = W = 

which is identical to (6.5). 

As in the series case, resonance occurs when W m — W e . Then from (6.16) and (6.14a) 
the input impedance at resonance is 

„ floss n 

R, 



i|/| 2 



which is a purely real impedance. From (6.14b) and (6.14c), W m — W e implies that the 
resonant frequency, coo, can be defined as 

coo = -7"=, (6.17) 

which is identical to the series resonant circuit case. Resonance in the case of a parallel 
RLC circuit is sometimes referred to as an antiresonance. 

From the definition of (6.7), and the results in (6.14), the unloaded Q of the parallel 
resonant circuit can be expressed as 

2W m R 

Qo = coo—^ = — = to 0 RC, (6.18) 
floss (Oo L 

since W m — W e at resonance. This result shows that the Q of the parallel resonant circuit 
increases as R increases. 
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Near resonance, the input impedance of (6.12) can be simplified using the series ex- 
pansion result that 

1 

~ 1-jcH . 



1 +x 

Again letting co — coo + Aco, where Aco is small, allows (6.12) to be rewritten as [1] 



Zin — 



'l Am \ 

r +j «Tl +jAcoC ) 



- Q + 



R R 



(6.19) 



1 + 2 jAcoRC 1+2; go Aco/co 0 
since o>q = 1/LC. When R — oo (6.19) reduces to 

z _ 1 

m j2C(co — a>o) 

As in the series resonator case, the effect of loss can be accounted for by replacing coq 
in this expression with a complex effective resonant frequency: 



coo <r- coo (l + YQ^j- (6.20) 

Figure 6.2b shows the behavior of the magnitude of the input impedance versus 
frequency. The half -power bandwidth edges occur at frequencies (Aco/coo — BW/2) 
such that 

iz in i 2 - r2 



which, from (6.19), implies that 



as in the series resonance case. 



2 ' 



BW = ^-, (6.21) 
Go 



Loaded and Unloaded Q 

The unloaded Q, Qq, defined in the preceding sections is a characteristic of the resonator it- 
self, in the absence of any loading effects caused by external circuitry. In practice, however, 
a resonator is invariably coupled to other circuitry, which will have the effect of lowering 
the overall, or loaded Q, Ql, of the circuit. Figure 6.3 depicts a resonator coupled to an 



Resonant 
circuit 
Q 



FIGURE 6.3 A resonant circuit connected to an external load, Ri . 
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TABLE 6.1 Summary of Results for Series and Parallel Resonators 



Quantity Series Resonator Parallel Resonator 

Input impedance/admittance Z m = R + jcoL — j ¥[ n = h jcoC — j 

cuC R toL 

^ R | . 2RQ 0 Aoo ^1 ] 2Q Q Aco 

aiQ R Roiq 

1 , 1|V| 2 

Power loss P loss = - 1 / 1 z R P loss = - — - 

Z Z K 

i , i ? i 

Stored magnetic energy W m = - L W m = - 1 V | — 5— 

4 4 w 1 l 

1 9 1 1 ? 

Stored electric energy W e = - 1 / \ z W e = - 1 V \ z C 

4 co 2 C 4 

1 1 

Resonant frequency con — , con = , 

vXc Vlc 

Unloaded Q Q Q = = — — g 0 = ^O^C = — 

(OnL Rj 

External 2 0 e = g e = — ±- 

R L o) 0 L 



external load resistor, Ri. If the resonator is a series RLC circuit, the load resistor Ri adds 
in series with R, so the effective resistance in (6.8) is R + R^. If the resonator is a parallel 
RLC circuit, the load resistor Ri combines in parallel with R, so the effective resistance in 
(6.18) is RRl/(R + Rl). If we define an external Q, Q e , as 



Qe = 



Rl 
Rl 
wqL 

then the loaded Q can be expressed as 

1 

~Ql~ 



for series circuits 



for parallel circuits, 



(6.22) 



1 

~Qe 



1 



(6.23) 



Table 6.1 summarizes the above results for series and parallel resonant circuits. 



TRANSMISSION LINE RESONATORS 

As we have seen, ideal lumped circuit elements are often unattainable at microwave fre- 
quencies, so distributed elements are frequently used. In this section we will study the use 
of transmission line sections with various lengths and terminations (usually open- or short- 
circuited) to form resonators. Because we are interested in the Q of these resonators, we 
must consider transmission lines with losses. 



Short-Circuited X/2 Line 

A length of lossy transmission line, short circuited at one end, is shown in Figure 6.4. 
The line has a characteristic impedance, Zq, propagation constant, /i, and attenuation 
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FIGURE 6.4 A short-circuited length of lossy transmission line, and the voltage distributions for 
n = 1 (I = X/2) and n = 2 (£ = X) resonators. 



constant, a. At the resonant frequency co — coo, the length of the line is £ — X/2. 
From (2.91), the input impedance is 

Z in = Z 0 tmh(a + jP)£. 

Using an identity for the hyperbolic tangent gives 

tanh at + j tan B£ 

Z in = Z Q — — . (6 .24) 

1 +j tan ^,1 tanh a£ 

Observe that Z; n = jZo tanfil if a — 0 (a lossless line). 

In practice it is usually desirable to use a low-loss transmission line, so we assume 
that al <§C 1, and then tanhal! — al. Again let co — coo + A&>, where Aco is small. Then, 
assuming a TEM line, we have 

col conl Acol 
Pl= — = — + , 

V p Vp Vp 

where v p is the phase velocity of the transmission line. Because I — X/2 — 7tv p /coo for 
co — coo, we have 

Aeon 

pe = n + , 

coo 

and then 

/ Acojt\ Acott Aeon 

tan pi — tan I tt H ) = tan 

Using these results in (6.24) gives 



coo / <wo a»o 



7 ~ 7 al + j{Acon/coo) ( ,Acoti\ 

Zin ^ Zo— — — — — ~Z 0 (a£ + j , (6.25) 

1 + j (Aco7T/coo)al \ coq J 



since Aa>a£/a>o <^ 1 . 

Equation (6.25) is of the form 



Z in = R + 2jLAco, 
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which is the input impedance of a series RLC resonant circuit, as given by (6.9). We can 
identify the resistance of the equivalent circuit as 

R = Z 0 a£, (6.26a) 

and the inductance of the equivalent circuit as 

L — ^— ■ (6.26b) 
2»o 

The capacitance of the equivalent circuit can be found from (6.6) as 

C = \. (6.26c) 

The resonator of Figure 6.4 thus resonates for Aa> = 0 {I = X/2), and its input 
impedance at resonance is Z; n = R — Z^al. Resonance also occurs for I — nX/2, n — 

1, 2, 3, The voltage distributions for the n = 1 and n —2 resonant modes are shown 

in Figure 6.4. The unloaded Q of this resonator can be found from (6.8) and (6.26) as 

Go = —jr- — ^—7 = (6.27) 
R 2a£ 2a 

since Bl — it at the first resonance. This result shows that the Q decreases as the attenua- 
tion of the line increases, as expected. 



EXAMPLE 6.1 Q OF HALF- WAVE COAXIAL LINE RESONATORS 

A A/2 resonator is made from a piece of copper coaxial line having an inner 
conductor radius of 1 mm and an outer conductor radius of 4 mm. If the resonant 
frequency is 5 GHz, compare the unloaded Q of an air-filled coaxial line resonator 
to that of a Teflon-filled coaxial line resonator. 



Solution 

We first compute the attenuation of the coaxial line, using the results of Examples 
2.6 or 2.7. From Appendix F, the conductivity of copper is a — 5.813 x 10 7 S/m. 
The surface resistivity at 5 GHz is 



fl j = A /^ = 1 . 84 xlO- 2 ^. 
2a 



The attenuation due to conductor loss for the air-filled line is 



1 1 



2r]lnb/a \a b 

1.84 x 1(T 2 
2(377) In (0.004/0.001) 



( — *— + ——] = 0.022 Np/m. 
\0.001 0.0047 F 
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For Teflon, e r — 2.08 and tan S — 0.0004, so the attenuation due to conductor loss 
for the Teflon-filled line is 



1.84 x 10" 2 V2l)8 / 1 1 \ 

a c - + = 0.032 Np/m. 

2(377) In (0.004/0.001) \0.001 0.004/ F 

The dielectric loss of the air-filled line is zero, but the dielectric loss of the Teflon- 
filled line is 



ad = fco-^-tan<5 

(104.7)72^8(0.0004) 
— = 0.030 Np/m. 

Finally, from (6.27), the unloaded Qs can be computed as 

B 104.7 

g air = r- = = 2380, 

^ 2a 2(0.022) 

(?Teflon — ~~ — ' — 1218. 

* 2a 2(0.032 + 0.030) 

Thus it is seen that the Q of the air-filled line is almost twice that of the Teflon- 
filled line. The Q can be further increased by using silver-plated conductors. ■ 



Short-Circuited A/4 Line 

A parallel type of resonance (antiresonance) can be achieved using a short-circuited trans- 
mission line of length X/4. The input impedance of a shorted line of length I is 



= Z 0 



Z 0 tanh(a + jB)l 
tanh al + ; tan fit 



1 + j tan pi tanh al 



1 - /' tanh al cot 61 

= Z 0 — , (6.28) 

tanh al - j cot Bl 

where the last result was obtained by multiplying both numerator and denominator by 
— j cot Bl. Now assume that I — X/4 at co — coo, an d let co — coq + Aco. Then, for a TEM 
line, 

coqI Acol it nAco 

Bl = — + = - + -—, 

v p v p 2 2a>o 

and so 

(Ti 7i Aco\ 7i Am —TtAto 
— + = - tan ~ — . 

2 2ol>q / 2&)o 2a>o 

Also, as before, tanha^ ~ al for small loss. Using these results in (6.28) gives 

1 + jaln Aco/2a>o Zo 

Z[ n — Zo — , 

al + jn Aco/2coq al + jn Aco/2coq 



(6.29) 



since aln Aco/2coo <C 1 . This result is of the same form as the impedance of a parallel RLC 
circuit, as given in (6.19): 

1 



(!/R) + 2jAcoC 
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We can identify the resistance of the equivalent circuit as 



R = — (6.30a) 
at 



and the capacitance of the equivalent circuit as 



C = (6.30b) 
4&> 0 Zo 



The inductance of the equivalent circuit can be found as 



L — (6.30c) 
co 2 Q C 

The resonator of Figure 6.4 therefore has a parallel-type resonance for I — X/4, with an 
input impedance at resonance of Z m — R — Zo/ul. From (6.18) and (6.30) the unloaded 
Q of this resonator is 

Go = «oKC=^ = A, (6.31) 

since I — it/2p at resonance. 
Open-Circuited 1/2 Line 

A practical resonator that is often used in microstrip circuits consists of an open-circuited 
length of transmission line, as shown in Figure 6.5. This resonator will behave as a parallel 
resonant circuit when the length is X/2, or multiples of X/2. 

The input impedance of an open-circuited lossy transmission line of length I is 

1 + /' tan B£ tanh al 

Z in = Z 0 coth(a + = Z 0 . (6.32) 

JH ' tanh al + j tan pi 

As before, assume that I — X/2 at co — too, and let to — coo + A«. Then, 

ttAco 

Pi = n + , 

coo 




FIGURE 6.5 An open-circuited length of lossy transmission line, and the voltage distributions for 
n = 1 {I = X/2) and n = 2 (I = X) resonators. 
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and so 

AftOT A&OT 

tan fit — tan — , 

CO COQ 

and tanhal ~ a€. Using these results in (6.32) gives 

Z in = - " — . (6.33) 

at + j (A&ot/&>o) 

Comparison with the input impedance of a parallel resonant circuit, as given by (6.19), 
suggests that the resistance of the equivalent RLC circuit is 

Z 0 

R=— e , (6.34a) 
and the capacitance of the equivalent circuit is 

(6.34b) 



2&>oZo 

The inductance of the equivalent circuit is 



L — —I—. (6.34c) 
co\C 



From (6.18) and (6.34) the unloaded Q is 
since I — it/fi at resonance. 



Qq = co 0 RC = ^- = A f ( 6 .35) 




EXAMPLE 6.2 A HALF- WAVE MICROSTRIP RESONATOR 

Consider a microstrip resonator constructed from a X/2 length of 50 £2 open- 
circuited microstrip line. The substrate is Teflon (e r = 2.08, tan 8 = 0.0004), with 
a thickness of 0.159 cm, and the conductors are copper. Compute the required 
length of the line for resonance at 5 GHz, and the unloaded Q of the resonator. 
Ignore fringing fields at the end of the line. 

Solution 

From (3.197), the width of a 50 £2 microstrip line on this substrate is found to be 
W = 0.508 cm, and the effective permittivity is e e = 1.80. The resonant length 
can then be calculated as 

X d„ c 3 x 10 8 

i = - = -?- = = — = = 2.24 cm. 

2 2f 2f4T e 2(5 x 10 9 )>/L80 

The propagation constant is 

Ijzf 2nf4T e 2tt(5 x 10 9 )yL80 

6 — = — = 5 = 151.0 rad/m. 

v p c 3 x 10 8 

From (3.199), the attenuation due to conductor loss is 

R s 1.84 x 10" 2 



Z Q W 50(0.00508) 



= 0.0724 Np/m, 
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6.3 



where we used R s from Example 6.1. From (3.198), the attenuation due to dielec- 
tric loss is 

k oer ( €e - DtanS (104.7)(2.08)(0.80)(0.0004) _ . 

ad — — = — 0.024 Np/m. 

2^T e {e r -\) 2VT80(1.08) 

Then from (6.35) the unloaded Q is 

B 151.0 

Qo = — = = 783. ■ 

2a 2(0.0724 + 0.024) 

RECTANGULAR WAVEGUIDE CAVITY RESONATORS 

Microwave resonators can also be constructed from closed sections of waveguide. Because 
radiation loss from an open-ended waveguide can be significant, waveguide resonators 
are usually short circuited at both ends, thus forming a closed box, or cavity. Electric 
and magnetic energy is stored within the cavity enclosure, and power is dissipated in the 
metallic walls of the cavity as well as in the dielectric material that may fill the cavity. 
Coupling to a cavity resonator may be by a small aperture, or a small probe or loop. We 
will see that there are many possible resonant modes for a cavity resonator, corresponding 
to field variations along the three dimensions of the structure. 

We will first derive the resonant frequencies for a general TE or TM resonant mode of 
a rectangular cavity, and then derive an expression for the unloaded Q of the TEm mode. 
A complete treatment of the unloaded Q for arbitrary TE and TM modes can be made 
using the same procedure, but is not included here because of its length and complexity. 



Resonant Frequencies 

The geometry of a rectangular cavity is shown in Figure 6.6. It consists of a length, 
d, of rectangular waveguide shorted at both ends (z = 0, d). We will find the resonant 




FIGURE 6.6 A rectangular cavity resonator, and the electric field variations for the TEiqi and 
TE102 resonant modes. 
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frequencies of this cavity under the assumption that the cavity is lossless, then determine 
the unloaded Q using the perturbation method outlined in Section 2.7. Although we could 
begin with the Helmholtz wave equation and the method of separation of variables to solve 
for the electric and magnetic fields that satisfy the boundary conditions of the cavity, it is 
easier to start with the fields of the TE or TM waveguide modes since these already satisfy 
the necessary boundary conditions on the side walls (x — 0, a and y — 0, b) of the cavity. 
Then it is only necessary to enforce the boundary conditions that E x — E y — 0 on the end 
walls at z — 0, d. 

From Table 3.2 the transverse electric fields (E x , E y ) of the TE m „ or TM m „ rectangu- 
lar waveguide mode can be written as 

E t (x, y, z) = e(x, y) (A + e~ jPmnZ + A V"» z ), (6.36) 

where e(x, y) is the transverse variation of the mode, and A + , A~ are arbitrary amplitudes 
of the forward and backward traveling waves. The propagation constant of the m, nth TE 
or TM mode is 



A« =;**-(-) "(t)' (637) 

where k — waffle, and fi and e are the permeability and permittivity of the material filling 
the cavity. 

Applying the condition that E t — 0 at z — 0 to (6.36) implies that A + = — A~ (as 
we should expect for reflection from a perfectly conducting wall). Then the condition that 
E t —Oatz — d leads to the equation 

E t (x, y, d) — —e(x, y)A + 2 j sin p mn d — 0. 

The only nontrivial (A + ^ 0) solution occurs for 

p mn d = l7T, £ = 1,2,3,..., (6.38) 

which implies that the cavity must be an integer multiple of a half-guide wavelength long 
at the resonant frequency. No nontrivial solutions are possible for other lengths, or for 
frequencies other than the resonant frequencies. 

A resonance wave number for the rectangular cavity can be defined as 

— ;(v) 2+ (t) 2+ (t) 2 

Then we can refer to the TE m „^ or TM mn e resonant mode of the cavity, where the in- 
dices m,n,£ indicate the number of variations in the standing wave pattern in the x, y, z 
directions, respectively. The resonant frequency of the TE mn i or TM mn £ mode is given by 



'~-^-S^/(") 2 + (f) 1 + (T)' 



If b < a < d, the dominant resonant mode (lowest resonant frequency) will be the TEioi 
mode, corresponding to the TEio dominant waveguide mode in a shorted guide of length 
A.g/2, and is similar to the short-circuited X/2 transmission line resonator. The dominant 
TM resonant mode is the TMno mode. 
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Unloaded Q of the TE-ioi Mode 

From Table 3.2, (6.36), and the fact that A~ — —A + , the total fields for the TEio^ resonant 
mode can be written as 

TlX 



H x = sin — (e~ il>z + e iPz \ (6.41b) 
Zte a V / 

l^l c0s ™( e -jf>z- e jf>z\ (6 .41c) 
kna a \ / 



H z = 



E y = A+ sin ^ (e-jf z - e^ z ), (6.41a) 

-A+ 
Zte 
iirA+ 

krja a 

Letting Eq — —2 jA + and using (6.38) allows these expressions to be simplified to 

hx ILtiz, 

Ey — Eo sin — sin , (6.42a) 

a d 

-jE Q . Tlx Itiz 

H x — sin — cos , (6.42b) 

Zte a « 

jtiEq tix . Itiz ._ N 

H z — cos — sin , (6.42c) 

krja a d 

which clearly show that the fields form standing waves inside the cavity. We can now 
compute the unloaded Q of this mode by finding the stored electric and magnetic energies, 
and the power lost in the conducting walls and the dielectric filling. 
The stored electric energy is, from (1.84), 

W e = lj E y E* y dv = € -^-E 2 Q , (6.43a) 

while the stored magnetic energy is, from (1.86), 

Wm = f j v (H x H* + H z H*)dv 

Because Zte = krj/p, with ft — fiio = y/k 2 — (n/a) 2 , the quantity in parentheses in 
(6.43b) can be reduced to 

/ 1 ti 2 \ p 2 + (Ti/a) 2 1 e 

\Z 2 ~ + 
V^te 



k 2 r] 2 a 2 I k 2 r] 2 r\ 2 fi' 



showing that W e — W m at resonance. The condition of equal stored electric and magnetic 
energies at resonance also applied to the RLC resonant circuits of Section 6.1. 

For small losses we can find the power dissipated in the cavity walls using the per- 
turbation method of Section 2.7. Thus, the power lost in the conducting walls is given by 
(1.131) as 

Pc=^[ \H,\ 2 ds, (6.44) 

1 ./walls 

where R s — ^Jm^jla is the surface resistivity of the metallic walls, and H t is the 
tangential magnetic field at the surface of the walls. Using (6.42b), (6.42c) in (6.44) 
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gives 

f>b pa pd rb 



P c = ^ (2 f f \H x {z = 0)\ 2 dxdy + 2 f f \H z (x = 0)\ 2 dydz 

[ Jy=QJx=0 J Z =0J>-0 

+ 2 I-o/-o [ lHAy = ° )|2 + lHz(y = ° )|2 ] dXdZ \ 



R S E 2 X 2 (fab bd 



^ 2 



H r + ~z~r + L (6.45) 



where use has been made of the symmetry of the cavity in doubling the contributions from 
the walls at x — 0, y = 0, and z — 0 to account for the contributions from the walls at 
x — a, y — b, and z — d, respectively. The relations k — 2it/X and Zte = krj/fi — 2drj/lX 
were also used in simplifying (6.45). Then, from (6.7), the unloaded Q of the cavity with 
lossy conducting walls but lossless dielectric can be found as 



Qc 



2woWe 
Pc 

k 3 abdr] 1 



Ati 2 R s [(i 2 ab/d 2 ) + ibd/a 2 ) + (l 2 a/2d) + (d/2a)] 

{kadfbr) 1 
2jt 2 R s (2£ 2 a 3 b + 2bd 3 + l 2 a 3 d + ad 3 ) ' 



(6.46) 



Next we compute the power lost in the dielectric material that may fill the cavity. 
As discussed in Chapter 1, a lossy dielectric has an effective conductivity a — we" — 
o>e r eotancS, where e — e' — je" — e r eo(l — j tan S), and tan S is the loss tangent of the 
material. The power dissipated in the dielectric is, from (1.92), 

p 1 f r v*a me " /" 1*12,1 abda>€"\Eo\ 2 

2jy = ^ Jy ' ' = 8 ' 

where E is given by (6.42a). Then from (6.7) the unloaded Q of the cavity with a lossy 
dielectric filling, but with perfectly conducting walls, is 

2coW e e' 1 
Qd = = - = — . (6.48) 

Pd e tand 

The simplicity of this result is due to the fact that the integral in (6.43a) for W e cancels with 
the identical integral in (6.47) for Pd- This result therefore applies to Qd for an arbitrary 
resonant cavity mode. When both wall losses and dielectric losses are present, the total 
power loss is P c + Pd, so (6.7) gives the total unloaded Q as 




(fie + Qd) 



Qo = hr + tH • ( 6 - 49 ) 



EXAMPLE 6.3 DESIGN OF A RECTANGULAR CAVITY RESONATOR 

A rectangular waveguide cavity is made from a piece of copper WR-187 H-band 
waveguide, with a — 4.755 cm and b — 2.215 cm. The cavity is filled with poly- 
ethylene (e r = 2.25, tan<5 = 0.0004). If resonance is to occur at / = 5 GHz, find 
the required length, d, and the resulting unloaded Q for the I — 1 and 1 — 2 
resonant modes. 
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Solution 

The wave number k is 

t= W = 157 . 08m -'. 

c 

From (6.40) the required length for resonance can be found as (m = 1 , n — 0) 

lit 



jk 2 -(7T/a) 2, 

for I = 1, d = 77 - 2.20 cm, 

7(157.08)2 - (tt/0.04755) 2 

for I = 2, d = 2(2.20) = 4.40 cm. 

From Example 6.1, the surface resistivity of copper at 5 GHz is R s — 1.84 x 
10~ 2 Q. The intrinsic impedance is 

377 

r]= = 251.3 Q. 

Then from (6.46) the Q due to conductor loss only is 

for£=l, Q c = 8,403, 
for 1 = 2, Q c = 11,898. 

From (6.48) the Q due to dielectric loss only is, for both I = 1 and 1 = 2, 

1 1 

Qd = = = 2500. 

tan S 0.0004 

Then total unloaded Qs are, from (6.49) 

for€ = l, e 0 =(— *— + — *— ^ = 1927, 

* V 8403 2500 / 

for 1 = 2, Qo=( — - — + — — | = 2065. 

* V 11,898 2500^ 

Note that the dielectric loss has the dominant effect on the Q; higher Q could 
be obtained using an air-filled cavity. These results can be compared to those 
of Examples 6.1 and 6.2, which used similar types of materials at the same 
frequency. ■ 



CIRCULAR WAVEGUIDE CAVITY RESONATORS 

A cylindrical cavity resonator can be constructed from a section of circular waveguide 
shorted at both ends, similar to rectangular cavities. Because the dominant circular wave- 
guide mode is the TEn mode, the dominant cylindrical cavity mode is the TEm mode. 
We will derive the resonant frequencies for the TE nm i and TM nm i circular cavity modes, 
and an expression for the unloaded Q of the TE nm i mode. 

Circular cavities are often used for microwave frequency meters. The cavity is con- 
structed with a movable top wall to allow mechanical tuning of the resonant frequency, 
and the cavity is loosely coupled to a waveguide through a small aperture. In operation, 
power will be absorbed by the cavity as it is tuned to the operating frequency of the 
system; this absorption can be monitored with a power meter elsewhere in the system. The 
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FIGURE 6.7 Photograph of a W-band waveguide frequency meter. The knob rotates to change the 
length of the circular cavity resonator; the scale gives a readout of the frequency. 
Photograph courtesy of Millitech Inc., Northampton, Mass. 

mechanical tuning dial is usually directly calibrated in frequency, as in the model shown 
in Figure 6.7. Because frequency resolution is determined by the Q of the resonator, the 
TEon mode is often used for frequency meters because its Q is much higher than the Q 
of the dominant circular cavity mode. This is also the reason for a loose coupling to the 
cavity. 

Resonant Frequencies 

The geometry of a cylindrical cavity is shown in Figure 6.8. As in the case of the rectan- 
gular cavity, the solution is simplified by beginning with the circular waveguide modes, 
which already satisfy the necessary boundary conditions on the wall of the circular wave- 
guide. From Table 3.5, the transverse electric fields (E p , Eq) of the TE„ m or TM„ m circular 
waveguide mode can be written as 

E,(p, 4>, z) = Hp, <j>)(A + e- jft ""' z + A-e jfi " mZ ), (6.50) 

where e(p, (j>) represents the transverse variation of the mode, and A + and A~ are arbitrary 
amplitudes of the forward and backward traveling waves. The propagation constant of the 
TE„ m mode is, from (3.126), 




(6.51a) 



FIGURE 6.8 A cylindrical resonant cavity, and the electric field distribution for resonant modes 
with I = 1 or I = 2. 
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while the propagation constant of the TM„ m mode is, from (3.139), 



A»»=y* 2 -(^P) , (6.51b) 

where k — coJ~j!e. 

In order to have E t — 0 at z — 0, d, we must choose A + — —A~, and A + sin/S„ m 
d = 0, 

or p nm d = ln, for £ = 0, 1, 2, 3, ... , (6.52) 

which implies that the waveguide must be an integer number of half-guide wavelengths 
long. Thus, the resonant frequency of the TE„,„i mode is 



== I^V + f^V, (6.53a) 



a 



and the resonant frequency of the TM nm i mode is 



/ t = (— Y + (— \ (6 53b) 

Thus the dominant TE mode is the TEi 1 1 mode, while the dominant TM mode is the TMoio 
mode. Figure 6.9 shows a mode chart for the lower order resonant modes of a cylindrical 
cavity. Such a chart is useful for the design of circular cavity resonators, as it shows what 
modes can be excited at a given frequency for a given cavity size. 
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FIGURE 6.9 Resonant mode chart for a cylindrical cavity. 

Adapted from data from R. E. Collin, Foundations for Microwave Engineering, 2nd edition, 
Wiley-IEEE Press, Hoboken, N.J., 2001. Used with permission. 
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Unloaded Q of the TE nmi Mode 

From Table 3.5, (6.50), and the fact that A + — —A~, the fields of the TE„,„i mode can be 



written as 



H z — HqJ„ 
PaH 0 



PnmP 



± . Inz 

cos ncp sin . 

a 



H 



Ha 



Pnn 



./,: 



PnmP 



cos n<p cos ■ 



Inz 



a 2 nH 0 ( p' nm p\ . 
U^ J "{—) Smn<P 



E n = 



J. n 



PnmP 



(PS _ 
jkr]a 2 nHo 



(Pnm) P 

jkrjaHo , ( p' nm p 

•J i 



0. 



cos 



sinn0 sin 



Inz 
Inz 



cos «0 sin 



inz 

~d~' 



(6.54a) 

(6.54b) 

(6.54c) 

(6.54d) 

(6.54e) 
(6.54f) 



where rj — -y/fi/e and Ho — —2 j A + . 

Because the time-average stored electric and magnetic energies are equal, the total 
stored energy is 

W = 2W e = f [ f (\E p \ 2 + ^Apdpdcjidz 

-(-) 



KP'nJ 2 

€k l r\ 1 a'H^nd 



pdp 



%{p' nm ) 2 



(6.55) 



where the integral identity of Appendix C.17 has been used. The power loss in the con- 
ducting walls is 



m \ 2 ds 



= V / / \\H4,(p=a)\ 2 + \H z {p=a)\ 2 \ad<pdz 
l [J z =oJ0=o L J 

+ l( 271 f [|// p (z = O)| 2 + |// 0 (z = O)| 2 W^ 

/ Pan \ 

\(p' nm ) 2 ) 



^H 2 J 2 (p' nm ) 



da 

y 



. Pnm , 



1 - 



(p' ) 2 



(6.56) 



Then, from (6.8), the unloaded Q of the cavity with imperfectly conducting walls but 
lossless dielectric is 
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From (6.52) and (6.51) we see that ft = lit/d and (ka) 2 are constants that do not vary with 
frequency, for a cavity with fixed dimensions. Thus, the frequency dependence of Q c is 
given by k/R s , which varies as 1 /■<//; this gives the variation in Q c for a given resonant 
mode and cavity shape (fixed n, m, I, and a/d). 

Figure 6.10 shows the normalized unloaded Q due to conductor loss for various res- 
onant modes of a cylindrical cavity. Observe that the TEon mode has an unloaded Q 
significantly higher than that of the lower order TEm, TMoio, or TMm mode. 

To compute the unloaded Q due to dielectric loss, we must compute the power dissi- 
pated in the dielectric. Thus, 



Pd 



J ■ E*dv 



coe 
~2 



coe"k l r] z a l H 2 TTd 

WnJ 2 •><> 
a>€"k 2 T 1 2 a A H, 



j v [\E p \ 2 + \E^\ 2 ] dv 

r 17 na VjlfPnmt 
ip = 0 \PnmPJ " V a 

/f7 (Pntn)' 



pdp 



Pn, 



Then (6.8) gives the unloaded Q due to dielectric loss as 

coW e 1 



Qd = 



Pd 



tan S 



(6.58) 



(6.59) 




where tan 8 is the loss tangent of the dielectric. This is the same as the result for Qd of 
(6.48) for the rectangular cavity. When both conductor and dielectric losses are present, 
the total unloaded cavity Q can be found from (6.49). 



EXAMPLE 6.4 DESIGN OF A CIRCULAR CAVITY RESONATOR 

A circular cavity resonator with d — 2a is to be designed to resonate at 5.0 GHz 
in the TEon mode. If the cavity is made from copper and is Teflon filled (e r — 
2.08, tan<5 = 0.0004), find its dimensions and unloaded Q. 
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Solution 

, InhnJTr 2tt(5 x 10 9 )V^08 _ x 

k— = 5 = 151.0m 

c 3 x 10 8 

From (6.53a) the resonant frequency of the TEon mode is 

2 



/on = 



2nJT r \ 

with p' m — 3.832. Then, since d = 2a 



c 

Solving for a gives 



0? 01 ) 2 + (tt/2) 2 V (3.832)2 + (7r/2)2 ^ 2 ^ ^ 



fc 151.0 

so we have d — 5.48 cm. 

The surface resistivity of copper at 5 GHz is R s = 0.0184 Q. Then from 
(6.57), with n = 0, m = I = 1, and <f = 2a, the unloaded g due to conductor 
losses is 

(ka) 3 r]ad 1 &a?7 



4(p') 2 ^[aJ/2 + (^a 2 /Poi) 2 ] 2 ^ 



= 29,390, 



where (6.51a) was used to simplify the expression. From (6.59) the unloaded Q 
due to dielectric loss is 

1 1 

Qd = - = 2500, 

^ d tan S 0.0004 



and the total unloaded Q of the cavity is 

\Qc + Q 



— — = 2300. 



This result can be compared with the rectangular cavity case of Example 6.3, 
which had Qq — 1927 for the TEioi mode and go = 2065 for the TE102 mode. 
If this cavity were air filled, the Q would increase to 42,400. ■ 



DIELECTRIC RESONATORS 

A small disc or cube (or other shape) of dielectric material can also be used as a microwave 
resonator. The operation of such a dielectric resonator is similar in principle to the rectan- 
gular or cylindrical cavity resonators previously discussed. Dielectric resonators typically 
use materials with low loss and a high dielectric constant, ensuring that most of the fields 
will be contained within the dielectric. Unlike metallic cavities, however, there is some 
field fringing or leakage from the sides and ends of a dielectric resonator (which are not 
metalized), leading to a small radiation loss and consequent lowering of Q. A dielectric 
resonator is generally smaller in size, cost, and weight than an equivalent metallic cavity, 
and it can easily be incorporated into microwave integrated circuits and coupled to planar 
transmission lines. Materials with dielectric constants in the range of 10-100 are generally 
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used, with barium tetratitanate and titanium dioxide being typical examples. Conductor 
losses are absent, but dielectric loss usually increases with dielectric constant; Qs of up 
to several thousand can sometimes be achieved, however. By using an adjustable metal 
plate above the resonator, the resonant frequency can be mechanically tuned. Because of 
these desirable features, dielectric resonators have become key components for integrated 
microwave filters and oscillators. 

Below we present an approximate analysis for the resonant frequencies of the TEqis 
mode of a cylindrical dielectric resonator; this mode is the one most commonly used in 
practice, and is analogous to the TEqh mode of a circular metallic cavity. 



Resonant Frequencies of TEoia Mode 

The geometry of a cylindrical dielectric resonator is shown in Figure 6.11. The basic oper- 
ation of the TEoia mode can be explained as follows. The dielectric resonator is considered 
as a short length, L, of dielectric waveguide open at both ends. The lowest order TE mode 
of this guide is the TEoi mode, and is the dual of the TMoi mode of a circular metal- 
lic waveguide. Because of the high permittivity of the resonator, propagation along the 
z-axis can occur inside the dielectric at the resonant frequency, but the fields will be cut 
off (evanescent) in the air regions around the dielectric. Thus the H z field will look like 
that sketched in Figure 6. 12; higher order resonant modes will have more variations in the 
z direction inside the resonator. Because the resonant length for the TEois mode is less 
than kg/2 (where k g is the guide wavelength of the TEoi dielectric waveguide mode), the 
symbol S = 2L/k g < 1 is used to denote the z variation of the resonant mode. The equiv- 
alent circuit of the resonator looks like a length of transmission line terminated in purely 
reactive loads at both ends. 

Our analysis follows that of reference [2], and involves the assumption that a magnetic 
wall boundary condition can be imposed at p — a. This approximation is based on the fact 
that the reflection coefficient of a wave in a high dielectric constant region incident on an 
air- filled region approaches +1: 



„ io - n jr r - i , 

r = = —— > 1 as e r ->• oo. 

This reflection coefficient is the same as that obtained at an ideal magnetic wall boundary 
condition, or a perfect open circuit. 

We begin by finding the fields of the TEoi dielectric waveguide mode with a magnetic 
wall boundary condition at p = a. For TE modes, E z — 0, and H z must satisfy the wave 




FIGURE 6.11 Geometry of a cylindrical dielectric resonator. 
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HJp = 0) 



H,= 0 

FIGURE 6.12 Magnetic wall boundary condition approximation and distribution of H z versus z 
for p = 0 of the first mode of a cylindrical dielectric resonator. 



equation 



(V 2 + k 2 )H z = 0, 



k = 



where 

' V^o for |z| < L/2 
k 0 for \z\ > L/2. 

Because 3/30 = 0, the transverse fields are given by (3. 1 10) as follows: 



E& — 



k 2 dp ' 
-)P dH z 



Hp ~ k 2 dp ' 



(6.60) 
(6.61) 

(6.62a) 
(6.62b) 



where k 2 — k 2 — ft 2 . Because H z must be finite at p — 0 and zero at p — a (the magnetic 
wall), we have 



H z = H 0 J 0 (kcP)e ±jfiz , 



(6.63) 



where k c = po\/a, and Jo(poi) = 0 (poi = 2.405). Then from (6.62) the transverse fields 
are 



= ^^4(k c p)e^ 



(6.64a) 
(6.64b) 
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In the dielectric region, for \z\ < L/2, the propagation constant is real: 

P = Jerkl ~ k 2 c = ^e r k 2 0 - (?^f \ (6.65a) 
and a wave impedance can be defined as 

Z d = f = ^. (6.65b) 
Hp p 

In the air region, for \z\ > L/2, the propagation constant will be imaginary, so it is conve- 
nient to write 



a 

and to define a wave impedance in the air region as 



a = _ k 2 = timj _ fe 2 ; (6 66a) 



Z a = J -^, (6.66b) 
a 

which is seen to be imaginary. 

From symmetry, the H z and field distributions for the lowest order mode will be 

even functions about z — 0. Then the transverse fields for the TEois mode can be written 

for \z\ < L/2 as 

E4, — Aj' 0 (k c p) cos fiz, (6.67a) 

H p = ^Jfocp) sin pz, (6.67b) 
Zd 

and for \z\ > L/2 as 

E^ = BJ' 0 {k c p)e- a ^, (6.68a) 

h p = —4(kcP)e- aM , (6.68b) 

where A and B are unknown amplitude coefficients. In (6.68b), the ± sign is used for 
Z > L/2 or z < —L/2, respectively. 

Matching tangential fields at z = L/2 (or z — —L/2) leads to the following two 
equations: 

Acosy = Be- aL/2 , (6.69a) 
- ; ' A sin^ = -e- aL '\ (6.69b) 



Zd 2 Z a 
which can be reduced to a single transcendental equation: 

, 7 . PL PL 
-]Z a sm — = Z d cos — . 

Using (6.65b) and (6.66b) allows this to be simplified as 

tan^ = ^, (6.70) 
2 p 

where P is given by (6.65a) and a is given by (6.66a). This equation can be solved numer- 
ically for ko, which determines the resonant frequency. 
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This solution is approximate since it ignores fringing fields at the sides of the res- 
onator, and it yields accuracies only on the order of 10% (usually not accurate enough for 
practical purposes), but it serves to illustrate the basic behavior of dielectric resonators. 
More accurate solutions are available in the literature [3]. 

The unloaded Q of the resonator can be calculated by determining the stored energy 
(inside and outside the dielectric cylinder), and the power dissipated in the dielectric and 
possibly lost to radiation. If the latter is small, the unloaded Q can be approximated as 
1/tan S, as in the case of the metallic cavity resonators. 



EXAMPLE 6.5 RESONANT FREQUENCY AND Q OF A DIELECTRIC 
RESONATOR 

Find the resonant frequency and approximate unloaded Q for the TEoia mode 
of a dielectric resonator made from titania, with e r — 95 and tan S — 0.001. The 
resonator dimensions are a — 0.413 cm and L — 0.8255 cm. 

Solution 

The transcendental equation of (6.70) must be solved for Icq, with f3 and a given 
by (6.65a) and (6.66a). Thus, 

fiL a 
tan — — — , 
2 f 



where 

a = y(2.405/a) 2 -kl, 
p = yjerkl - (2.405/a) 2 , 

and 

2nf 



k Q - 



c 



Because a and /S must both be real, the possible frequency range is from fa to fa, 
where 

ck Q c(2.405) 
fa = — = = 2.853 GHz, 

ck Q c(2.405) 
fa = — = = 27.804 GHz. 

2jt 2na 

Using the interval-halving method (see the Point of Interest on root-finding 
algorithms in Chapter 3) to find the root of the above equation gives a resonant 
frequency of about 3.152 GHz. This compares with a measured value of about 
3.4 GHz from reference [2], indicating a 10% error. The approximate unloaded 
Q, due to dielectric loss, is 

Qd = -\ = iooo. ■ 

tand 



EXCITATION OF RESONATORS 

Resonators are not useful unless they are coupled to external circuitry, so we now discuss 
how resonators can be coupled to transmission lines and waveguides. In practice, the way 
in which this is done depends on the type of resonator under consideration; some examples 
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(c) (d) 

FIGURE 6.13 Coupling to microwave resonators, (a) A microstrip transmission line resonator 
gap coupled to a microstrip feedline. (b) A rectangular cavity resonator fed by a 
coaxial probe, (c) A circular cavity resonator aperture coupled to a rectangular 
waveguide, (d) A dielectric resonator coupled to a microstrip line. 



of resonator coupling techniques are shown in Figure 6.13. We will discuss the operation 
of some of the more common coupling techniques, notably gap coupling and aperture 
coupling. We begin by discussing the coupling coefficient for a resonator connected to a 
feed line, and the subject of critical coupling. A related topic of practical interest is how 
the unloaded Q of a resonator can be determined from the two-port response of a resonator 
coupled to a transmission line. 



The Coupling Coefficien and Critical Coupling 

The level of coupling required between a resonator and its attached circuitry depends on the 
application. A waveguide cavity used as a frequency meter, for example, is usually loosely 
coupled to its feed guide in order to maintain high Q and good accuracy. A resonator used 
in an oscillator or tuned amplifier, however, may be tightly coupled in order to achieve 
maximum power transfer. A measure of the level of coupling between a resonator and 
a feed is given by the coupling coefficient. To obtain maximum power transfer between 
a resonator and a feed line, the resonator should be matched to the line at the resonant 
frequency; the resonator is then said to be critically coupled to the feed. We will illustrate 
these concepts by considering the series resonant circuit shown in Figure 6.14. 



FIGURE 6.14 A series resonant circuit coupled to a feedline. 



6.6 Excitation of Resonators 299 



From (6.9), the input impedance near resonance of the series resonant circuit of 
Figure 6. 14 is given by 

Z in = R + j2LAco= R + j—^ , (6.71) 



and the unloaded Q is, from (6.8), 



coqL 

Qo = (6.72) 



At resonance, A&) = 0, so from (6.71) the input impedance is Z[ n = R. In order to match 
the resonator to the line we must have 



In this case the unloaded Q is 



From (6.22), the external Q is 



R = Z 0 . (6.73) 



coqL 

Qo=^- (6.74) 
Zo 



COriL 

Qe = -j- = Qo, (6.75) 



which shows that the external and unloaded Qs are equal under the condition of critical 
coupling. The loaded Q is half this value. 

We can define the coupling coefficient, g, as 

8 = (6.76) 

which can be applied to both series (g — Zq/R) and parallel (g — R/Zq) resonant circuits, 
when connected to a transmission line of characteristic impedance Zq- Three cases can be 
distinguished: 

1. g < 1: The resonator is said to be undercoupled to the feedline. 

2. g = 1: The resonator is critically coupled to the feedline. 

3. g > 1: The resonator is said to be overcoupled to the feedline. 

Figure 6.15 shows a Smith chart sketch of the impedance loci for the series resonant 
circuit, as given by (6.71), for various values of R corresponding to the above cases. 



A Gap-Coupled Microstrip Resonator 

Consider a X/2 open-circuited microstrip resonator proximity coupled to the open end of 
a microstrip transmission line, as shown in Figure 6.13a. The gap between the resonator 
and the microstrip line can be modeled as a series capacitor, so the equivalent circuit can 
be constructed as shown in Figure 6.16. The normalized input impedance seen by the 
feedline is 

Z .(1/coC + Zo cot pi) /tmpi + b c \ 

Z Q Z q V b c tanpi ) 

where b c — ZqcoC is the normalized susceptance of the coupling capacitor, C. Resonance 
occurs with z — 0, or when 



tan fit + b c = 0. 



(6.78) 



300 Chapter 6: Microwave Resonators 




FIGURE 6.15 Smith chart illustrating coupling to a series RLC circuit. 



The solutions to this transcendental equation are shown in the graph of Figure 6.17. In 
practice, b c 4^1, so the first resonant frequency, cwi, will be close to the frequency for 
which pi — it (the first resonant frequency of the unloaded resonator). The coupling of 
the resonator to the feedline has the effect of lowering its resonant frequency. 

We now wish to simplify the driving point impedance of (6.77) to relate this resonator 
to a series RLC equivalent circuit. This can be accomplished by expanding z(&>) in a Taylor 
series about the resonant frequency, co\, and assuming that b c is small. Thus, 



z(ft>) — z (&>i) + {(o - &>i) 



dm 



H — (o) o}[ ) 



COl 



dz(co) d{fil) 
d{pi) dm 



+ 



(6.79) 



-o II — o- 



Feed line 



Gap 

capacitance 



Open-circuit 
A/2 resonator 



FIGURE 6.16 Equivalent circuit of the gap-coupled microstrip resonator of Figure 6. 13a. 
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since, from (6.77) and (6.78), z(ft>i) = 0. Then, 



dz 



d(fil) 



. sec 2 pi _ . 1 + tan 2 pi _ . 1 + b 2 c ^ j 
tan 2 pi ~ 3 tan 2 pi ~ J b 2 c ~ b 2 ' 



where we have used (6.78) and the assumption that b c <^\. Assuming a TEM line, we 
have d(pi)/da> = l/v p , where v p is the phase velocity of the line. Because I ~ 7zv p /co\, the 
normalized impedance can be written as 

z((o) ~ • (6.80) 

So far we have ignored losses, but for a high- Q resonator loss can be included by re- 
placing the resonant frequency, co\, with the complex resonant frequency given by a)i(l + 
y/2(2o), which follows from (6.10). Applying this procedure to (6.80) gives the input 
impedance of the gap-coupled lossy resonator as 

7t 71 (ft) — CO I ) 

Note that an uncoupled A/2 open-circuited transmission line resonator looks like a parallel 
RLC circuit near resonance, but the present case of a capacitive coupled X/2 resonator looks 
like a series RLC circuit near resonance. This is because the series coupling capacitor has 
the effect of inverting the driving point impedance of the resonator (see the discussion of 
impedance inverters in Section 8.5). 

At resonance the input resistance is R — Zoir/2QQb 2 . For critical coupling we must 
have R — Zq, or 



-Jm (6 - 82) 



The coupling coefficient of (6.76) is found to be 

= Zq = 2Q 0 b 2 c 
8 R it ' 



(6.83) 



If b c < *Jnj2Q, then g < 1 and the resonator is undercoupled; if b c > *Jnj2Q, then 
g > 1 and the resonator is overcoupled. 
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EXAMPLE 6.6 DESIGN OF A GAP-COUPLED MICROSTRIP RESONATOR 

A resonator is made from an open-circuited 50 £2 microstrip line and is gap cou- 
pled to a 50 Q feedline, as in Figure 6.13a. The resonator has a length of 2.175 cm, 
an effective dielectric constant of 1.9, and an attenuation of 0.01 dB/cm near its 
resonance. Find the value of the coupling capacitor required for critical coupling, 
and the resulting resonant frequency. 

Solution 

The first resonant frequency will occur when the resonator is about I — k g /2 
in length. Ignoring fringing fields, we find that the approximate resonant fre- 
quency is 



v, 



c 3 x 10 8 



/o = — = W7T1= = 7= = 5 - 00 GHz - 



X g 2lJT e 2(0.02175)71^9 

This result does not include the effect of the coupling capacitor. From (6.35) the 
unloaded Q of this resonator is 

_ p it it jr(8.7dB/Np) _ 

Q °~2^~kg~^~2£^~ 2(0.02175 m)(ldB/m) ~ 628 ' 

From (6.82) the normalized coupling capacitor susceptance is 



b c = — = = 0.05, 

V2go V 2(628) 

so the coupling capacitor has a value of 

b c 0.05 

C = = 5 = 0.032 pF, 

coZq 2tt(5 x 10 9 )(50) F 

which should provide critical coupling of the resonator to the 50 £2 feedline. 

Now that C is determined, the exact resonant frequency can be found by solv- 
ing the transcendental equation of (6.78). Because we know from the graphical so- 
lution of Figure 6.17 that the actual resonant frequency is slightly lower than the 
unloaded resonant frequency of 5.0 GHz, it is an easy matter to calculate (6.78) 
for several frequencies in this vicinity, which leads to a value of about 4.918 GHz. 
This is about 1.6% lower than the unloaded resonant frequency. Figure 6.18 shows 
a Smith chart plot of the input impedance of the gap-coupled resonator for 
coupling capacitor values that lead to undercoupled, critically coupled, and over- 
coupled resonators. ■ 



An Aperture-Coupled Cavity 

As a final example of resonator excitation, we consider the aperture coupled waveguide 
cavity shown in Figure 6.19. As discussed in Section 4.8, a small aperture in the transverse 
wall of a waveguide acts as a shunt inductance. If we consider the first resonant mode of 
the cavity, which occurs for the cavity length I — kg/2, then the cavity can be considered 
as a transmission line resonator shorted at one end. The aperture-coupled cavity can then 
be modeled by the equivalent circuit shown in Figure 6.20. This circuit is basically the 
dual of the equivalent circuit of Figure 6.16, for the gap-coupled microstrip resonator, so 
we will approach the solution in the same manner. 
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FIGURE 6.18 Smith chart plot of input impedance of the gap-coupled microstrip resonator of 
Example 6.6 versus frequency for various values of the coupling capacitor. 



Aperture v 

(r — 0 



_ Short 
circuit 
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FIGURE 6.19 A rectangular waveguide aperture coupled to a rectangular cavity. 
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FIGURE 6.20 Equivalent circuit of an aperture-coupled cavity resonator. 



304 Chapter 6: Microwave Resonators 



The normalized input admittance seen by the feedline is 

where xl = coL/Zo is the normalized reactance of the aperture. An antiresonance occurs 
when the numerator of (6.84) vanishes, or when 

tmp£+x L =0, (6.85) 

which is similar in form to (6.78), for the case of the gap-coupled microstrip resonator. In 
practice, xl <C 1, so the first resonant frequency, co\, will be close to the resonant frequency 
for which f}£ — it, similar to the solution illustrated in Figure 6.17. 

Using the same procedure as in the previous section, we can expand the input admit- 
tance of (6.84) in a Taylor series about the resonant frequency, co\, assuming xl <3C 1, to 
obtain 



dy(co) 

y(co) - y(co\) + (co- co\) 



dco 



^ dy(co) d(pt) 
-| — (to - CO\) 



since, from (6.84) and (6.85), y(co\) — 0. Then, 

dy{co) _ . sec 2 pi _ . 1 + tan 2 pi _ . 1 + x 2 
d(pi) ~ J tan 2 pi ~ J tan 2 pi ~ 3 x 2 

For the rectangular waveguide, 

dp d r~ 2 — k Q 



d(pi) dco 



+ ■■■, 

col 

(6.86) 



dco dco ^ 0 e Pc ' 
where c is the speed of light. Then the normalized admittance of (6.86) can be reduced to 

y(o) - -T7 (fi> - 0)\) ~ 7 (co-coi). (6.87) 
x^Pc x^P l c 

In (6.87), ko, P, and xl should be evaluated at the resonant frequency, a>\. 

Loss can now be included by assuming a high- Q cavity, and replacing a>\ in the numer- 
ator of (6.87) with co\ (1 + j/2Q 0 ), to obtain 



jtIcqcoi Ttkf){co — co\) 

2Q Q p 2 cx 2 L +J p 2 cx\ 



yW^^k-S + J • ^8) 



At resonance the input resistance is R — 2Q$p 2 cx 2 ^ Zo/itkocoi . To obtain critical cou- 
pling we must have R — Zq, which yields the required aperture reactance as 



/ Kkaco-i 

X l = ZqJ (6.89) 

y2Q Q p 2 c 

From Xl, the necessary aperture size can be found. 

The next resonant mode for the aperture-coupled cavity occurs when the input impe- 
dance becomes zero, or Y — > oo. From (6.84) it is seen that this occurs at a frequency such 
that tan pi — 0, or pi — jr. In this case the cavity is exactly X g /2 long, so a null in the 
transverse electric field exists at the aperture plane, and the aperture has no effect. This 
mode is of little practical interest because of this negligible coupling. 

The excitation of a cavity resonator by an electric current probe or loop can be ana- 
lyzed by the method of modal analysis, similar to that discussed in Sections 4.7 and 4.8. 
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FIGURE 6.21 A two-port network consisting of a series RLC resonator in series with a transmis- 
sion line. 

The procedure is complicated, however, by the fact that a complete modal expansion re- 
quires fields having irrotational (zero curl) components. The interested reader is referred 
to references [1] and [4]. 

Determining Unloaded Q from Two-Port Measurements 

Direct measurement of the unloaded Q of a resonator is generally not possible because of 
the loading effect of the measurement system, but it is possible to determine unloaded Q 
from measurements of the frequency response of the loaded resonator when it is connected 
to a transmission line. Both one-port (reflection measurement) and two-port (transmission 
measurement) techniques are possible; we will describe how unloaded Q can be found 
from a two-port measurement. 

Figure 6.21 shows a series RLC resonator inserted in series in a transmission line 
of characteristic impedance Zo, forming a two-port network. Maximum transmission oc- 
curs at resonance since the impedance of the series resonator is minimum at resonance. 
Off resonance, the resonator impedance increases, and the insertion loss increases. The 
result is that the network of Figure 6.21 has a two-port transmission response (as given by 
1 52i |) of the form shown in Figure 6.22. The loaded Q can be determined from (6.21) as 
Q L — /o/BW, where fo is the resonant frequency, and BW is the half-power bandwidth 
(in Hz), where the transmission response is 3 dB lower than at resonance. 

The unloaded Q can be expressed in terms of the loaded Q and the coupling coeffi- 
cient, g. From (6.23), 




(6.90) 



0.985 0.990 0.995 1.000 1.005 1.010 1.015 



Co/h> Q 

FIGURE 6.22 Frequency response of the transmission characteristics of the resonator network of 
Figure 6.21 for two values of unloaded Q and coupling coefficient. 
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since g — Qo/Q e from (6.76). Rewriting (6.90) gives 

Qo = (l+g)QL- (6.91) 

Because go = coqL/R for the series resonator, and the external Q is Q e — coqL/2Zq, as a 
result of the line loading at each end of the resonator, the coupling coefficient is 

2Z 0 

8 = ^-- (6-92) 

At resonance, the impedance of the series RLC resonator reduces to Z = R. The scattering 
parameter 521 f° r the two-port network of Figure 6.21 can be found in terms of the series 
resonator impedance using the results of Table 4.2 (or from Problem 4. 1 1). At resonance, 

2Zo 2Zo g 

521 (w 0 ) = , 7 , „, , = 07 , p = -r— • (6.93) 
2Z 0 + Z(&> 0 ) 2Z 0 + R 1 + g 



Solving for g gives 



5 2l(«o) 

8 = ~, c , : ■ (6-94) 

1 - 52i (coo) 



The procedure for finding the unloaded Q from measured scattering parameter data (or 
from data produced by computer modeling) is to first find the coupling coefficient using 
(6.94), then find the loaded Q from the 3 dB bandwidth, and finally, using (6.91), find Qq. 
Note that 52i should be a real number at resonance, assuming phase reference planes at the 
resonator circuit. If the resonator appears as a parallel RLC circuit, it is easy to show that 
the result for g in (6.94) should be inverted. 



CAVITY PERTURBATIONS 

In practical applications cavity resonators are often modified by making small changes in 
their shape, or by introducing small pieces of dielectric or metallic materials. For exam- 
ple, the resonant frequency of a cavity resonator can be easily tuned with a small screw 
(dielectric or metallic) that enters the cavity volume, or by changing the size of the cavity 
with a movable wall. Another application involves the determination of dielectric constant 
by measuring the shift in resonant frequency when a small dielectric sample is introduced 
into the cavity. 

In some cases, the effect of such perturbations on the cavity performance can be cal- 
culated exactly, but often approximations must be made. One useful technique for doing 
this is the perturbational method, which assumes that the actual fields of a cavity with a 
small shape or material perturbation are not greatly different from those of the unperturbed 
cavity. Thus, this technique is similar in concept to the perturbational method introduced 
in Section 2.7 for treating loss in good conductors, where it was assumed that there was 
not a significant difference between the fields of a device with good conductors and one 
with perfect conductors. 

In this section we derive expressions for the approximate change in resonant frequency 
when a resonant cavity is perturbed by small changes in the material filling the cavity, or 
by small changes in its shape. 



Material Perturbations 

Figure 6.23 shows a cavity perturbed by a change in the permittivity (Ae), or permeability 
(A/i), of all or part of the material filling the cavity. If Eq, Hq are the fields of the original 



6.7 Cavity Perturbations 307 





(b) 



FIGURE 6.23 A resonant cavity perturbed by a change in the permittivity or permeability of the 
material in the cavity, (a) Original cavity, (b) Perturbed cavity. 



cavity, and E, H are the fields of the perturbed cavity, then Maxwell's curl equations can 
be written for the two cases as 

V x E Q = -jcooLiHo, (6.95a) 

V x H 0 = jcooeEo, (6.95b) 

V x E = -j(o(jJL + A/i)H, (6.96a) 

V x H = jo)(e + Ae)E, (6.96b) 

where coo is the resonant frequency of the original cavity, and co is the resonant frequency 
of the perturbed cavity. 

Multiply the conjugate of (6.95a) by H, and multiply (6.96b) by Eq, to get 

H - V x Eq — jMQ/iH ■ H 0 *, 

E* ■ V x H = jco{e + Ae)E% ■ E. 

Subtracting these two equations and using the vector identity (B.8) that V • (A x B) = 
B - V x A- A - V x B gives 

V • (Eq x H) — jcoo/iH ■ H 0 * - jco(e + Ae)E% ■ E. (6.97a) 

Similarly, multiply the conjugate of (6.95b) by E, and multiply (6.96a) by to get 

£-Vxfl 0 * = -jcooeEl ■ E, 
ff 0 *-Vx£= -j<o{n + A/z)H 0 * • H. 

Subtracting these two equations and using vector identity (B.8) gives 

V • (E x H 0 *) = -jco(fi + A/i)H^ ■ H + ja 0 eE% ■ E. (6.97b) 

Now add (6.97a) and (6.97b), integrate over the volume Vo, and use the divergence theorem 
to obtain 

f V -(E*x H + E x H*)dv = I {El x H + E x # 0 *) • ds = 0 
Jv Q JSq 

= j[ {[mq€ ~ co{e + Ae)]£* • E + [co 0 /x - co{fi + A/x)]//* • H}dv, (6.98) 

JVo 
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where the surface integral is zero because h x E — 0 on So- Rewriting gives 



co 0 



>V 0 



(AeE ■ E* + A^H ■ H*)dv 



J Vo (eE ■ E* + ■ H*)dv 



(6.99) 



This is an exact equation for the change in resonant frequency due to material pertur- 
bations, but is not in a very usable form since we generally do not know E and H, the 
exact fields in the perturbed cavity. However, if we assume that Ae and Afi are small, 
we can approximate the perturbed fields E, H by the original fields Eo, Ho, and to in 
the denominator of (6.99) by coo, to give the approximate fractional change in resonant 
frequency as 



coo 



f Vo (Ae\E Q \ 2 + A^\Ho\ 2 )dv 



coo 



f Vo (€\E 0 \ 2 + iAHo\ 2 )dv 



(6.100) 




This result shows that any increase in e or fi at any point in the cavity will decrease the 
resonant frequency. The reader may also observe that the terms in (6.100) can be related 
to the stored electric and magnetic energies in the original and perturbed cavities, so that 
the decrease in resonant frequency can be related to the increase in stored energy of the 
perturbed cavity. 



EXAMPLE 6.7 MATERIAL PERTURBATION OF A RECTANGULAR CAVITY 

A rectangular cavity operating in the TEioi mode is perturbed by the insertion 
of a thin dielectric slab into the bottom of the cavity, as shown in Figure 6.24. 
Use the perturbational result of (6.100) to derive an expression for the change in 
resonant frequency. 

Solution 

From (6.42a)-(6.42c), the fields for the unperturbed TEioi cavity mode can be 
written as 

TtX TtZ 

E y — A sin — sin — , 
a d 

—jA . 7TX TTZ 

H x — sin — cos — , 

Zte a d 

jjtA itx jtz 

H z — cos — sin — . 

kna a d 



In the numerator of (6.100), Ac = (e r — l)eo for 0 < y < t and zero elsewhere. 




FIGURE 6.24 A rectangular cavity perturbed by a thin dielectric slab. 
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The integral can then be evaluated as 

/» pa ft rd 

/ (Ae|£ 0 | 2 + AixH 0 \ 2 )dv = (e r - l)e 0 / / / \E v \ 2 dzdydx 

JV Jx=QJy=QJz=0 

(e r — \)€f)A 2 atd 
~ 4 ' 

The denominator of (6.100) is proportional to the total energy in the unperturbed 
cavity, which was evaluated in (6.43); thus, 

J^E^ + ^Hofrdv^^A 2 . 

Then (6.100) gives the fractional change (decrease) in resonant frequency as 

co — coq — (e r — l)f 

coo ~ 2b ■ 



Shape Perturbations 

Changing the size of a cavity, or inserting a tuning screw, can be considered as a change 
in the shape of the cavity and, for small changes, can also be treated by the perturbation 
technique. Figure 6.25 shows an arbitrary cavity with a perturbation in its shape; we will 
derive an expression for the change in resonant frequency. 

As in the case of material perturbations, let Eo, Ho, coq be the fields and resonant 
frequency of the original cavity and let E, H,cobe the fields and resonant frequency of the 
perturbed cavity. Then Maxwell's curl equations can be written for the two cases as 



V x Eo = -jcooiJiHo, (6.101a) 

V x H 0 = M>eEo, (6.101b) 

V x E = -jco/xH, (6.102a) 

V x H = jcoeE. (6.102b) 



Multiply the conjugate of (6.101a) by H, and multiply (6.102b) by E%, to get 

H ■ V x Eq = jcooiiH ■ Hq, 
£* . V x H = jcoeEl ■ E. 




FIGURE 6.25 A resonant cavity perturbed by a change in shape, (a) Original cavity, (b) Perturbed 
cavity. 
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Subtracting these two equations and using vector identity (B.8) gives 

V • (Eq x H) — jcoo/xH ■ # 0 * - jcoeEl ■ E. (6.103a) 
Similarly, multiply the conjugate of (6.101b) by E and (6.102a) by Hq to get 

E • V x H 0 * = -jco Q eE • E%, 

H 0 * • V x E = -jco/iHQ ■ H. 
Subtracting and applying vector identity (B.8) gives 

V • (E x H£) = -jcofiH^ ■ H + jco Q eE ■ E% (6.103b) 

Now add (6.103a) and (6.103b), integrate over the volume V, and use the divergence the- 
orem to obtain 

J V ■ (E x Hq + Eq x H)dv — <j> (E x Hq + Eq x H) ■ ds 

= j> E^x H -ds = -j(co- co 0 ) J (eE ■ Eq + \iH ■ H^dv, (6.104) 

since h x E — 0 on S. 

Because the perturbed surface S — Sq — AS, we can write 

(f> Eq x H ■ ds = (f> EQ*xH-ds-(b Eq x H ■ ds = — (j) E^xH-ds, 
Js JSo /as /as 

because h x Eq — 0 on 5o- Using this result in (6.104) gives 

-j f AS E*xH- ds 

co — coq — — = — = = — = , (6.105) 

f v (eE ■ E* 0 + fiH ■ H*)dv 

which is an exact expression for the new resonant frequency, but not a very usable one since 
we generally do not initially know E, H, or co. If we assume AS is small, and approximate 
E, H by the unperturbed values of Eq, Hq, then the numerator of (6.105) can be reduced 
as follows: 

<p E^xH-ds^i £* x Ho-ds = -Jcoq j (e\E Q \ 2 - /x|/f 0 | 2 )Ji>, (6.106) 
/as /as Jav 

where the last identity follows from conservation of power, as derived from the conjugate 
of (1.87) with a, J s , and M s set to zero. Using this result in (6.106) gives an expression for 
the approximate fractional change in resonant frequency as 

^-^o _ f AV (^\Ho\ 2 - e\E 0 \ 2 )dv 
coo ~ f VQ (jx\Ho\ 2 + e\E 0 \ 2 )dv' 

where we have also assumed that the denominator of (6.105), which represents the total 
energy stored in the perturbed cavity, is approximately the same as that for the unperturbed 
cavity. 

Equation (6.107) can be written in terms of stored energies as follows: 
co — coo AW,„ — AW e 



coo W m + W e 



(6.108) 



where AW m and AW e are the changes in the stored magnetic energy and electric energy, 
respectively, after the shape perturbation, and W m + W e is the total stored energy in the 
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cavity. These results show that the resonant frequency may either increase or decrease, 
depending on where the perturbation is located and whether it increases or decreases the 
cavity volume. 



EXAMPLE 6.8 SHAPE PERTURBATION OF A RECTANGULAR CAVITY 

A thin screw of radius ro extends a distance t through the center of the top wall of 
a rectangular cavity operating in the TEioi mode, as shown in Figure 6.26. If the 
cavity is air filled, use (6.107) to derive an expression for the change in resonant 
frequency from the unperturbed cavity. 

Solution 

From (6.42a)-(6.42c), the fields for the unperturbed TEioi cavity can be written 

as 



H x = 



A sin 


TlX 




nz 






sin 








a 




~d' 




-JA 




TlX 




TIZ 


sin 




cos 




Zte 




a 




~d 


jnA 




TlX 




TIZ 




cos 




sin 




kr\a 




a 




~d' 



H 7 



If the screw is thin, we can assume that the fields are constant over the cross 
section of the screw and can be represented by the fields at x = a/2, z — d/2: 



E y \ x 



H x (x 



(a d\ 



HAx = 



y,z = 



2 J 2, 
Then the numerator of (6.107) can be evaluated as 



= A, 
= 0, 
= 0. 



/< 

Jav 



Qi\H 0 \ z -e\E 0 \ z )d 



v = -eo 

Jav 



A 2 dv = -e 0 A 2 AV, 



where AV = nlr^ is the volume of the screw. The denominator of (6.107) is, 
from (6.43), 



(H\H 0 \ Z + e\E 0 r)dv — - — 




0 d z 

FIGURE 6.26 A rectangular cavity perturbed by a tuning post in the center of the top wall. 
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where Vq — abd is the volume of the unperturbed cavity. Then (6.107) gives 

co-coq _ -llnrl _ -2AV 
coo abd Vq 

which indicates a lowering of the resonant frequency. ■ 
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PROBLEMS 



6.1 A series RLC resonator with an external load is shown below. Find the resonant frequency, the un- 
loaded Q, and the loaded Q. 

2.5 Q 50 nH 0.79 pF 
I VWV r^r>r^ 1| 0 

< 2.5 £2 

o — J 

Resonator Load 

6.2 Derive an expression for the unloaded Q of a transmission line resonator consisting of a short- 
circuited transmission line IX long. 

6.3 A transmission line resonator is fabricated from a A/4 length of open-circuited line. Find the unloaded 
Q of this resonator if the complex propagation constant of the line is a + jfi. 

6.4 Consider the resonator shown below, consisting of a A/2 length of lossless transmission line shorted 
at both ends. At an arbitrary point, z, on the line, compute the impedances and Zr seen looking 
to the left and to the right, respectively, and show that Zr — Z* R . (This condition holds true for any 
lossless transmission line resonator and is the basis for the transverse resonance technique discussed 
in Section 3.9.) 





— O 




0 — 

- Z 0 ,/3 






1 




o — 

1 




0 z 


Z 


7 i = A/2 z 



6.5 A resonator is constructed from a 3.0 cm length of 100 Q air- filled coaxial line, shorted at one end 
and terminated with a capacitor at the other end, as shown below, (a) Determine the capacitor value 
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to achieve the lowest order resonance at 6.0 GHz. (b) Now assume that loss is introduced by placing 
a 10,000 Q resistor in parallel with the capacitor. Calculate the unloaded Q. 



3.0 cm 




6.6 A transmission line resonator is made from a length I of lossless transmission line of characteristic 
impedance Zq = 100 Q.. If the line is terminated at both ends as shown below, find l/X for the first 
resonance, and the unloaded Q of this resonator. 




6.7 Write the expressions for the E and H fields for a short-circuited X/2 coaxial line resonator, and 
show that the time-average stored electric and magnetic energies are equal. 

6.8 A series RLC resonant circuit is connected to a length of transmission line that is X/4 long at its 
resonant frequency, as shown below. Show that, in the vicinity of resonance, the input impedance 
behaves like that of a parallel RLC circuit. 



Zi„=> 



-A/4- 
@/o 



R L 



0b. 2) 



6.9 A rectangular cavity resonator is constructed from a 2.0 cm length of aluminum X-band waveguide. 
The cavity is air filled. Find the resonant frequency and unloaded Q of the TEioi and TE102 resonant 
modes. 

6.10 Derive the unloaded Q for the TMj 1 1 mode of a rectangular cavity, assuming lossy conducting walls 
and lossless dielectric. 

6.11 Consider the rectangular cavity resonator partially filled with dielectric as shown below. Derive a 
transcendental equation for the resonant frequency of the dominant mode by writing the fields in 
the air- and dielectric-filled regions in terms of TEm waveguide modes, and enforcing boundary 
conditions at z = 0, d - 1, and d. 
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6.12 Determine the resonant frequencies of a rectangular cavity by carrying out a full separation-of- 
variables solution to the wave equation for E z (for TM modes) and H z (for TE modes), subject to 
the appropriate boundary conditions of the cavity. [Assume a solution of the form X(x)Y(y)Z(z).] 

6.13 Find the unloaded Q for the TM„ m o resonant mode of a circular cavity. Consider both conductor and 
dielectric losses. 

6.14 Design a circular cavity resonator to operate in the TEyi mode with maximum unloaded Q at a 
frequency of 6 GHz. The cavity is gold plated and filled with a dielectric material having e r — 1 .5 
and tan & — 0.0005. Find the cavity dimensions and the resulting unloaded Q, 

6.15 An air-filled rectangular cavity resonator has its first three resonant modes at the frequencies 5.2, 6.5, 
and 7.2 GHz. Find the dimensions of the cavity. 

6.16 Consider the microstrip ring resonator shown below. If the effective dielectric constant of the 
microstrip line is e e , find an equation for the frequency of the first resonance. Suggest some methods 
of coupling to this resonator. 




6.17 A circular microstrip disk resonator is shown below. Solve the wave equation for TM„„,o modes for 
this structure, using the magnetic wall approximation that H v = 0 at p = a. If fringing fields are 
neglected, show that the resonant frequency of the dominant mode is given by 



1.841c 




6.18 Compute the resonant frequency of a cylindrical dielectric resonator with e r — 36.2, 2a — 7.99 mm, 
and L — 2. 14 mm. 

6.19 Extend the analysis of Section 6.5 to derive a transcendental equation for the resonant frequency of 
the next resonant mode of the cylindrical dielectric resonator. (H z odd in z.) 

6.20 Consider the rectangular dielectric resonator shown below. Assume a magnetic wall boundary con- 
dition around the edges of the cavity, and allow evanescent fields in the ±z directions away from the 



Problems 315 

dielectric, similar to the analysis of Section 6.5. Derive a transcendental equation for the resonant 
frequency. 




6.21 A high-g resonator useful at millimeter wave frequencies is the Fabry-Perot resonator, which con- 
sists of two parallel metal plates (see figure below). A plane wave traveling at normal incidence 
between the two plates will exhibit resonance when the plate separation is equal to a multiple of 
X/2. (a) Derive an expression for the resonant frequency of a Fabry-Perot resonator having a plate 
separation d and mode number I. (b) If the plates have conductivity a, derive an expression for 
the unloaded Q of the resonator, (c) Use these results to find the resonant frequency and unloaded 
Q of a Fabry-Perot resonator having d = 4.0 cm, with copper plates, and with a mode number 
I = 25. 



6.22 A parallel RLC circuit, with R = 1000 S2, L = 1.26 nH, C = 0.804 pF, is coupled with a series 
capacitor, Co, to a 50-fi transmission line, as shown below. Determine Co for critical coupling to the 
line. What is the resonant frequency? 



C 0 




6.23 An aperture-coupled rectangular waveguide cavity has a resonant frequency of 9.0 GHz and an 
unloaded Q of 11,000. If the waveguide dimensions are a — 2.5 cm and b — 1.25 cm, find the nor- 
malized aperture reactance required for critical coupling. 

6.24 A microwave resonator is connected as a one-port circuit, and its return loss is measured versus 
frequency. At resonance the return loss is 14 dB, while at 2.9985 GHz and at 3.0015 GHz the return 
loss is 11 dB (the half-power points). Determine the unloaded Q of the resonator. Do this for both 
series and parallel resonators. 

6.25 A microwave resonator is measured in a two-port configuration like that shown in Figure 6.21. The 
minimum insertion loss is measured as 1.94 dB at 3.0000 GHz. The insertion loss is 4.95 dB at 
2.9925 GHz and at 3.0075 GHz. What is the unloaded Q of the resonator? 
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6.26 A thin slab of magnetic material is inserted next to the z — 0 wall of the rectangular cavity shown 
below. If the cavity is operating in the TEjoi mode, derive a perturbational expression for the change 
in resonant frequency caused by the magnetic material. 




-Hfh«- d 



6.27 Derive an expression for the change in resonant frequency for the screw-tuned rectangular cavity of 
Example 6.8 if the screw is located at x = a/2, z = 0, where H x is maximum and E y is minimum. 




C h 



P t 



v 



n 



Power Dividers and 
Directional Couplers 



Power dividers and directional couplers are passive microwave components used for power 
division or power combining, as illustrated in Figure 7.1. In power division, an input signal is 
divided into two (or more) output signals of lesser power, while a power combiner accepts 
two or more input signals and combines them at an output port. The coupler or divider may 
have three ports, four ports, or more, and may be (ideally) lossless. Three-port networks take 
the form of T-junctions and other power dividers, while four-port networks take the form of 
directional couplers and hybrids. Power dividers usually provide in-phase output signals with 
an equal power division ratio (3 dB), but unequal power division ratios are also possible. Di- 
rectional couplers can be designed for arbitrary power division, while hybrid junctions usually 
have equal power division. Hybrid junctions have either a 90° or a 180° phase shift between the 
output ports. 

A wide variety of waveguide couplers and power dividers were invented and characterized 
at the MIT Radiation Laboratory in the 1940s. These included E- and //-plane waveguide 
T-junctions, the Bethe hole coupler, multihole directional couplers, the Schwinger coupler, 
the waveguide magic-T, and various types of couplers using coaxial probes. In the mid-1950s 
through the 1960s, many of these couplers were reinvented to use stripline or microstrip tech- 
nology. The increasing use of planar lines also led to the development of new types of couplers 
and dividers, such as the Wilkinson divider, the branch line hybrid, and the coupled line direc- 
tional coupler. 

We will first discuss some of the general properties of three- and four-port networks, and 
then treat the analysis and design of several of the most common types of power dividers, 
couplers, and hybrids. 



BASIC PROPERTIES OF DIVIDERS AND DOUPLERS 

In this section we will use properties of the scattering matrix developed in Section 4.3 to de- 
rive some of the basic characteristics of three- and four-port networks. We will also define 
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Divider 

or 
coupler 











P 2 = aP t 

P 3 = (1-«)P, 



p l= p 2 + p 3 


Divider 

or 
coupler 











-Pi 
-p 3 



(a) (b) 
FIGURE 7.1 Power division and combining, (a) Power division, (b) Power combining. 



isolation, coupling, and directivity, which are important quantities for the characterization 
of couplers and hybrids. 



Three-Port Networks (T-Junctions) 



S* n S 2 3 = 0 ' (7 ' 3d) 

S* 2 S l3 = 0. (7.3f) 



The simplest type of power divider is a T-junction, which is a three-port network with two 
inputs and one output. The scattering matrix of an arbitrary three-port network has nine 
independent elements: 

' Sn Sn S\3~ 
[5] = 5 2 i 5 22 5 23 • (7.1) 

-531 5 3 2 53 3 . 

If the device is passive and contains no anisotropic materials, then it must be reciprocal 
and its scattering matrix will be symmetric (Sjj — 5/,). Usually, to avoid power loss, we 
would like to have a junction that is lossless and matched at all ports. We can easily show, 
however, that it is impossible to construct such a three-port lossless reciprocal network that 
is matched at all ports. 

If all ports are matched, then 5;; = 0, and if the network is reciprocal, the scattering 
matrix of (7.1) reduces to 

f 0 5i2 5i 3 -| 
[5]= 5i2 0 5 23 . (7.2) 

-5l3 523 0 . 

If the network is also lossless, then energy conservation requires that the scattering matrix 
satisfy the unitary properties of (4.53), which leads to the following conditions [1, 2]: 

(7.3a) 

(7.3b) 

(7.3c) 



|5i 2 | 2 


+ |5i 3 | 2 = 


1. 


|5i 2 | 2 


+ |5 23 | 2 = 


1. 


|5i 3 | 2 


+ |5 23 | 2 = 


1. 



Equations (7.3d)-(7.3f) show that at least two of the three parameters (5i2, 5i3, 523) must 
be zero. However, this condition will always be inconsistent with one of equations (7.3a)- 
(7.3c), implying that a three-port network cannot be simultaneously lossless, reciprocal, 
and matched at all ports. If any one of these three conditions is relaxed, then a physically 
realizable device is possible. 

If the three-port network is nonreciprocal, then 5, 7 ^ 5/, , and the conditions of input 
matching at all ports and energy conservation can be satisfied. Such a device is known as a 
circulator, and generally relies on an anisotropic material, such as ferrite, to achieve non- 
reciprocal behavior. Ferrite circulators will be discussed in more detail in Chapter 9, but 
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we can demonstrate here that any matched lossless three-port network must be nonrecip- 
rocal and, thus, a circulator. The scattering matrix of a matched three-port network has the 
following form: 



[S] = 



0 S12 Sl3 
S21 0 

S31 S32 0 



(7.4) 



If the network is lossless, [S] must be unitary, which implies the following conditions: 



S31S32 = 0, 
S21S23 = 0, 

5*2^13 = 0, 
|Sl2| 2 +|Sl 3 | 2 = l, 

|5 2 i| 2 +|5 23 | 2 = l, 



|53i| 2 +|5 32 | 2 



L. 



These equations can be satisfied in one of two ways. Either 

Sl2 = = 5 3 1 = 0, |5 2 1 1 = |S32l = |Sl3l = 1, 



(7.5a) 
(7.5b) 
(7.5c) 
(7.5d) 
(7.5e) 
(7.5f) 

(7.6a) 



or 



5 2 l = S32 = S13 = 0, IS12I = IS23I = IS31I = 1. 



(7.6b) 



These results shows that Sjj ^ Sji for i ^ j, which implies that the device must be non- 
reciprocal. The scattering matrices for the two solutions of (7.6) are shown in Figure 7.2, 
together with the symbols for the two possible types of circulators. The only difference 
between the two cases is in the direction of power flow between the ports: solution (7.6a) 
corresponds to a circulator that allows power flow only from port 1 to 2, or port 2 to 3, or 
port 3 to 1, while solution (7.6b) corresponds to a circulator with the opposite direction of 
power flow. 

Alternatively, a lossless and reciprocal three-port network can be physically realized 
if only two of its ports are matched [1]. If ports 1 and 2 are the matched ports, then the 
scattering matrix can be written as 



(7.7) 





- 0 


Sn 


Si3" 


[5] = 


S12 


0 






-5l3 


S23 


S33 - 




FIGURE 7.2 Two types of circulators and their scattering matrices, (a) Clockwise circulation. 

(b) Counterclockwise circulation. The phase references for the ports are arbitrary. 
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[S] = 



0 



jo 

eJ" 0 
0 0 



0 
0 

,,i4> 



® 



® 



FIGURE 7.3 A reciprocal lossless three-port network matched at ports 1 and 2. 



To be lossless, the following unitarity conditions must be satisfied: 



5*3^23 


- o, 


(7.8a) 


^12^13 + ^23^33 


= o, 


(7.8b) 


^23^12 + ^33^13 


= o, 


(7.8c) 


|5i 2 | 2 +|5 13 | 2 


= 1, 


(7.8d) 


|5i2| 2 +|5 23 | 2 


- 1, 


(7.8e) 


|5i3| 2 + |5 2 3| 2 +|5 3 3| 2 


= 1. 


(7.8f) 



Equations (7.8d) and (7.8e) show that \Sn\ = \S23U so (7.8a) leads to the result that S13 = 
^23 = 0. Then, \Sn\ — IS33I — 1. The scattering matrix and corresponding signal flow 
graph for this network are shown in Figure 7.3, where it is seen that the network actu- 
ally degenerates into two separate components — one a matched two-port line and the other 
a totally mismatched one-port. 

Finally, if the three-port network is allowed to be lossy, it can be reciprocal and 
matched at all ports; this is the case of the resistive divider, which will be discussed in 
Section 7.2. In addition, a lossy three-port network can be made to have isolation between 
its output ports (e.g., S23 = S32 = 0). 



Four-Port Networks (Directional Couplers) 

The scattering matrix of a reciprocal four-port network matched at all ports has the follow- 
ing form: 



[S] 



0 S12 S13 S14 

512 0 S23 S24 

513 S23 0 534 

514 S24 S34 0 . 



(7.9) 



If the network is lossless, 10 equations result from the unitarity, or energy conservation, 
condition [1,2]. Consider the multiplication of row 1 and row 2, and the multiplication of 
row 4 and row 3: 



5*3^23 + 5*4 ^24 = 0, 

S14S13 + S24S23 = 0. 



(7.10a) 
(7.10b) 
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Multiply (7.10a) by 5| 4 , and (7.10b) by S* 3 , and subtract to obtain 



s* u (\Si3\ z -\S24n = o. 



(7.11) 



Similarly, the multiplication of row 1 and row 3, and the multiplication of row 4 and row 

2, gives 



5*2^23 + 5*4 534 = 0, 

S*4$12 + S34S23 = 0. 

Multiply (7.12a) by Sn, and (7.12b) by S34, and subtract to obtain 

S23(|Sl 2 | 2 -|S 34 | 2 ) = 0. 



(7.12a) 
(7.12b) 

(7.13) 



One way for (7.1 1) and (7.13) to be satisfied is if S14 = 523 = 0, which results in a direc- 
tional coupler. Then the self-products of the rows of the unitary scattering matrix of (7.9) 
yield the following equations: 



|Si 2 | 2 +|S 13 | 2 
|Si 2 | 2 +|S 24 | 2 



|Si 3 | 2 +|S 34 | 2 = l, 



|S 2 4| 2 +|S 34 | 2 



L, 



15241 [using (7.14a) and (7.14b)], and that |5i 2 | 



(7.14a) 
(7.14b) 
(7.14c) 
(7.14d) 
1 534 1 [using 



which imply that IS13I 
(7.14b) and(7.14d)]. 

Further simplification can be made by choosing the phase references on three of the 
four ports. Thus, we choose S12 = S34 = a, S13 = fie^ , and S24 = Pe^ , where a and fi 
are real, and 6 and 4> are phase constants to be determined (one of which we are still free 
to choose). The dot product of rows 2 and 3 gives 



S* 2 S\3 + S24S34 — 0, 
which yields a relation between the remaining phase constants as 

9 + (h — ji ± 2nn. 



(7.15) 



(7.16) 



If we ignore integer multiples of 2it, there are two particular choices that commonly occur 
in practice: 

1. A Symmetric Coupler. 6 — <j> — tt/2. The phases of the terms having amplitude fi 
are chosen equal. Then the scattering matrix has the following form: 



[S] 



0 

a 

JP 
L 0 



a 


w 


0 - 


0 


0 


JP 


0 


0 


a 


w 


a 


0 _ 



(7.17) 



2. An Antisymmetric Coupler: 6 — 0, 4> — 11 ■ The phases of the terms having ampli- 
tude p are chosen to be 180° apart. Then the scattering matrix has the following 
form: 



[S] = 



"0 


a 


P 


0 - 


a 


0 


0 


-P 


P 


0 


0 


a 


_0 


-P 


a 


0 _ 



(7.18) 
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JRE 7.4 Two commonly used symbols for directional couplers, and power flow conventions. 



Note that these two couplers differ only in the choice of reference planes. In addition, 
the amplitudes a and ft are not independent, as (7.14a) requires that 



a 2 + p 2 



L. 



(7.19) 



Thus, apart from phase references, an ideal four-port directional coupler has only one de- 
gree of freedom, leading to two possible configurations. 

Another way for (7.11) and (7.13) to be satisfied is if = IS24I and IS12I = IS34I. 
If we choose phase references, however, such that S13 = 524 = a an d S12 = S34 = jfi 
[which satisfies (7.16)], then (7.10a) yields a(5 23 + S* 4 ) = 0, and (7.12a) yields fi(S* 4 - 
S23) — 0. These two equations have two possible solutions. First, S14 = S 2 3 = 0, which is 
the same as the above solution for the directional coupler. The other solution occurs for 
a — p — 0, which implies that S12 = S13 = S24 = S34 = 0. This is the degenerate case of 
two decoupled two-port networks (between ports 1 and 4, and ports 2 and 3), which is of 
trivial interest and will not be considered further. We are thus left with the conclusion that 
any reciprocal, lossless, matched four-port network is a directional coupler. 

The basic operation of a directional coupler can be illustrated with the aid of Figure 7.4, 
which shows two commonly used symbols for a directional coupler and the port definitions. 
Power supplied to port 1 is coupled to port 3 (the coupled port) with the coupling factor 
|S 13 | 2 = /} 2 , while the remainder of the input power is delivered to port 2 (the through 
port) with the coefficient IS12I 2 — a 2 — 1 — ft 2 . In an ideal directional coupler, no power 
is delivered to port 4 (the isolated port). 

The following quantities are commonly used to characterize a directional coupler: 



Coupling = C = 10 log 
Directivity = D — 10 log 
Isolation = / = 10 log 
Insertion loss = L — 10 log 



Pi 
P 3 
P3 
Pa 
A 
Pa 
P\ 
Pi 



= -201o gj 6dB, 



= 20 log 



dB, 



|Sl4l 

-201og|Si 4 | dB, 
: -201og|Si 2 | dB. 



(7.20a) 
(7.20b) 
(7.20c) 
(7.20d) 



The coupling factor indicates the fraction of the input power that is coupled to the out- 
put port. The directivity is a measure of the coupler's ability to isolate forward and back- 
ward waves (or the coupled and uncoupled ports). The isolation is a measure of the power 
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delivered to the uncoupled port. These quantities are related as 

I — D + C dB. 



(7.21) 



The insertion loss accounts for the input power delivered to the through port, diminished by 
power delivered to the coupled and isolated ports. The ideal coupler has infinite directivity 
and isolation (S14 — 0). Then both a and ft can be determined from the coupling factor, C. 

Hybrid couplers are special cases of directional couplers, where the coupling factor is 
3 dB, which implies that a — p — 1/V2. There are two types of hybrids. The quadrature 
hybrid has a 90° phase shift between ports 2 and 3 (6 — (/> — it/2) when fed at port 1, and 
is an example of a symmetric coupler. Its scattering matrix has the following form: 
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(7.22) 
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The magic-T hybrid and the rat-race hybrid have a 180° phase difference between ports 
2 and 3 when fed at port 4, and are examples of an antisymmetric coupler. Its scattering 
matrix has the following form: 



[S] = — " " , . (7.23) 



POINT OF INTEREST: Measuring Coupler Directivity 

The directivity of a directional coupler is a measure of the coupler's ability to separate forward 
and reverse wave components, and applications of directional couplers often require high (35 dB 
or greater) directivity. Poor directivity will limit the accuracy of a reflectometer, and can cause 
variations in the coupled power level from a coupler when there is even a small mismatch on 
the through line. 

The directivity of a coupler generally cannot be measured directly because it involves a 
low-level signal that can be masked by coupled power from a reflected wave on the through 
arm. For example, if a coupler has C — 20 dB and D — 35 dB, with a load having a return loss 
RL = 30 dB, the signal level through the directivity path will be D + C = 55 dB below the 
input power, but the reflected power through the coupled arm will only be RL + C = 50 dB 
below the input power. 

One way to measure coupler directivity uses a sliding matched load, as follows. First, the 
coupler is connected to a source and a matched load, as shown in the accompanying left-hand 
figure, and the coupled output power is measured. If we assume an input power Pj, this power 
will be P c — C 2 Pi, where C — iQ(- cdB V 2Q j s me numer i ca i voltage coupling factor of the 
coupler. Next, the position of the coupler is reversed, and the through line is terminated with a 
sliding load, as shown in the right-hand figure. 




Changing the position of the sliding load introduces a variable phase shift in the signal re- 
flected from the load and coupled to the output port. The voltage at the output port can be 
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written as 



v 0 = Vi(^ + c\r\ e -j e y 



where V; is the input voltage, D = 10^ D dB V 20 > 1 j s the numerical value of the directivity, |T| 
is the reflection coefficient magnitude of the load, and 0 is the path length difference between 
the directivity and reflected signals. Moving the sliding load changes 6, so the two signals will 
combine to trace out a circular locus, as shown in the following figure. 



Im V, 




The minimum and maximum output powers are given by 

. 2 



Amn = Pi - C|r|) , P max = P i (^ + C\r\^ . 



Let M and m be defined in terms of these powers as follows: 

2 D 



M 



/_d_v 
\i + \t\d) 



\i-inzv 



These ratios can be accurately measured directly by using a variable attenuator between the 
source and coupler. The coupler directivity (numerical) can then be found as 



D = M 



2m 



jn + 1 

This method requires that |T| < 1/D or, in dB, RL > D. 



Reference: M. Sucher and J. Fox, eds., Handbook of Microwave Measurements, 3rd edition, Volume II, Polytech- 
nic Press, New York, 1963. 



7.2 



THE T-JUNCTION POWER DIVIDER 

The T-junction power divider is a simple three-port network that can be used for power 
division or power combining, and it can be implemented in virtually any type of transmis- 
sion line medium. Figure 7.5 shows some commonly used T-junctions in waveguide and 
microstrip line or stripline form. The junctions shown here are, in the absence of transmis- 
sion line loss, lossless junctions. Thus, as discussed in the preceding section, such junctions 
cannot be matched simultaneously at all ports. We will analyze the T-junction divider be- 
low, followed by a discussion of the resistive power divider, which can be matched at all 
ports but is not lossless. 



Lossless Divider 



The lossless T-junction dividers of Figure 7.5 can all be modeled as a junction of three 
transmission lines, as shown in Figure 7.6 [3]. In general, there may be fringing fields and 
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(a) 



(b) 




(c) 

FIGURE 7.5 Various T-junction power dividers, (a) is -plane waveguide T. (b) H -plane wave- 
guide T. (c) Microstrip line T-junction divider. 



higher order modes associated with the discontinuity at such a junction, leading to stored 
energy that can be accounted for by a lumped susceptance, B. In order for the divider to be 
matched to the input line of characteristic impedance Zq, we must have 



_ 1 1 1 

Z\ Zi Zq 



(7.24) 



If the transmission lines are assumed to be lossless (or of low loss), then the characteristic 
impedances are real. If we also assume B — 0, then (7.24) reduces to 



1 1 

zT + z~ 2 



1 



(7.25) 



In practice, if B is not negligible, some type of discontinuity compensation or a reac- 
tive tuning element can usually be used to cancel this susceptance, at least over a narrow 
frequency range. 




FIGURE 7.6 Transmission line model of a lossless T-junction divider. 
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The output line impedances, Z\ and Z 2 , can be selected to provide various power 
division ratios. Thus, for a 50 £2 input line, a 3 dB (equal split) power divider can be made 
by using two 100 £2 output lines. If necessary, quarter-wave transformers can be used to 
bring the output line impedances back to the desired levels. If the output lines are matched, 
then the input line will be matched. There will be no isolation between the two output 
ports, however, and there will be a mismatch looking into the output ports. 



EXAMPLE 7.1 THE T-JUNCTION POWER DIVIDER 

A lossless T-junction power divider has a source impedance of 50 £2. Find the out- 
put characteristic impedances so that the output powers are in a 2: 1 ratio. Compute 
the reflection coefficients seen looking into the output ports. 

Solution 

If the voltage at the junction is Vq, as shown in Figure 7.6, the input power to the 
matched divider is 

D. _^0 2 



2Z 0 ' 



while the output powers are 



1 y n 2 1 
1 y 0 2 2 

P2 -2T 2 -3 Pm - 
These results yield the characteristic impedances as 

Zi = 3Z 0 = 150 £2, 
3Z 0 

Z 2 = ^=75£2. 

The input impedance to the junction is 

Z in = 75||150 = 50 £2, 

so that the input is matched to the 50 £2 source. 

Looking into the 150 Q output line, we see an impedance of 50 1 1 75 = 30 £2, 
while at the 75 £2 output line we see an impedance of 50 || 150 = 37.5 £2. The 
reflection coefficients seen looking into these ports are 

30-150 

ri = = -0.666, 

30+150 
37.5 - 75 

r 2 = = -0.333. 

37.5 + 75 ■ 



Resistive Divider 

If a three-port divider contains lossy components, it can be made to be matched at all ports, 
although the two output ports may not be isolated [3]. The circuit for such a divider is 
illustrated in Figure 7.7, using lumped-element resistors. An equal-split (—3 dB) divider is 
shown, but unequal power division ratios are also possible. 
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The resistive divider of Figure 7.7 can easily be analyzed using circuit theory. Assum- 
ing that all ports are terminated in the characteristic impedance Zq, the impedance Z, seen 
looking into the Zq /3 resistor followed by a terminated output line, is 



Z=^ + Z 0 = ^. 

3 3 



Then the input impedance of the divider is 

Zq 



+ 



2Z 0 



(7.26) 



(7.27) 



which shows that the input is matched to the feed line. Because the network is symmetric 
from all three ports, the output ports are also matched. Thus, S\ i — S22 — S33 = 0. 

If the voltage at port 1 is V\, then by voltage division the voltage V at the center of the 
junction is 



2Z 0 /3 2 

V = Vi = -Vu 

Zo/3 + 2Z 0 /3 3 



and the output voltages are, again by voltage division, 

Zq 



V 2 = V 3 = V 



Zq + Z 0 /3 



3 1 

-V = -Vi. 

4 2 



(7.28) 



(7.29) 



Thus, 52i = S31 = S23 — 1/2, so the output powers are 6 dB below the input power level. 
The network is reciprocal, so the scattering matrix is symmetric, and it can be written as 



[S] 



Oil 
1 0 1 
1 10 



(7.30) 



The reader may verify that this is not a unitary matrix. 
The power delivered to the input of the divider is 



Pin = 



2Zq 



(7.31) 
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while the output powers are 

1 (l/2Vi) 2 1 V, 2 1 

P 2 = P 3 =-— — = -^- = -P in , (7.32) 

2 Z 0 8 Z 0 4 

which shows that half of the supplied power is dissipated in the resistors. 



THE WILKINSON POWER DIVIDER 

The lossless T-junction divider suffers from the disadvantage of not being matched at all 
ports, and it does not have isolation between output ports. The resistive divider can be 
matched at all ports, but even though it is not lossless, isolation is still not achieved. From 
the discussion in Section 7.1, however, we know that a lossy three-port network can be 
made having all ports matched, with isolation between output ports. The Wilkinson power 
divider [4] is such a network, with the useful property of appearing lossless when the output 
ports are matched; that is, only reflected power from the output ports is dissipated. 

The Wilkinson power divider can be made with arbitrary power division, but we will 
first consider the equal-split (3 dB) case. This divider is often made in microstrip line or 
stripline form, as depicted in Figure 7.8a; the corresponding transmission line circuit is 
given in Figure 7.8b. We will analyze this circuit by reducing it to two simpler circuits 
driven by symmetric and antisymmetric sources at the output ports. This "even-odd" mode 
analysis technique [5] will also be useful for other networks that we will study in later 
sections. 



Even-Odd Mode Analysis 

For simplicity, we can normalize all impedances to the characteristic impedance Zq, and 
redraw the circuit of Figure 7.8b with voltage generators at the output ports as shown in 
Figure 7.9. This network has been drawn in a form that is symmetric across the midplane; 
the two source resistors of normalized value 2 combine in parallel to give a resistor of 
normalized value 1, representing the impedance of a matched source. The quarter-wave 
lines have a normalized characteristic impedance Z, and the shunt resistor has a normalized 
value of r; we shall show that, for the equal-split power divider, these values should be 
Z = V2 and r — 2, as given in Figure 7.8. 




FIGURE 7.8 The Wilkinson power divider, (a) An equal-split Wilkinson power divider in mi- 
crostrip line form, (b) Equivalent transmission line circuit. 
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FIGURE 7.9 The Wilkinson power divider circuit in normalized and symmetric form. 



Now define two separate modes of excitation for the circuit of Figure 7.9: the even 
mode, where V g 2 — V g s — 2Vq, and the odd mode, where V g 2 — — V g 3 — 2Vq. Superpo- 
sition of these two modes effectively produces an excitation of V g 2 — 4Vb and V g 3 — 0, 
from which we can find the scattering parameters of the network. We now treat these two 
modes separately. 

Even mode: For even-mode excitation, V g 2 = V g i = 2Vb, so V 2 e = Vf, and therefore no 
current flows through the r/2 resistors or the short circuit between the inputs of the two 
transmission lines at port 1 . We can then bisect the network of Figure 7.9 with open circuits 
at these points to obtain the network of Figure 7.10a (the grounded side of the A/4 line is 
not shown). Then, looking into port 2, we see an impedance 
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since the transmission line looks like a quarter-wave transformer. Thus, if Z = V2, port 2 
will be matched for even-mode excitation; then V£ = Vq since Zf n — 1 . The r/2 resistor 
is superfluous in this case since one end is open-circuited. Next, we find V" from the 
transmission line equations. If we let x — 0 at port 1 and x — — X/4- at port 2, we can write 
the voltage on the transmission line section as 

V(x) = V + (e- jf>x + re jPx ). 

Then 

V 2 e = V(-X/4) = jV + (l - D = V 0 . (734a) 
V« = V(0) = V+(l + r) = 7Vb^j. (7.34b) 

The reflection coefficient V is that seen at port 1 looking toward the resistor of normalized 
value 2, so 

p= 2-V2 
2 + V2' 

and 

Vf = -7V0V2. (7.35) 

OaW moafe: For odd-mode excitation, V g 2 = — V g 3 = 2Vb> an d so V 2 ° = — V 3 °, and there is 
a voltage null along the middle of the circuit in Figure 7.9. We can then bisect this circuit 
by grounding it at two points on its midplane to give the network of Figure 7.10b. Looking 
into port 2, we see an impedance of r/2 since the parallel-connected transmission line is 
X/4 long and shorted at port 1, and so looks like an open circuit at port 2. Thus, port 2 will 
be matched for odd-mode excitation if we select r — 2. Then V 2 ° = Vq and V° — 0; for 
this mode of excitation all power is delivered to the r/2 resistors, with none going to port 1 . 

Finally, we must find the input impedance at port 1 of the Wilkinson divider when 
ports 2 and 3 are terminated in matched loads. The resulting circuit is shown in Figure 
7.11a, where it is seen that this is similar to an even mode of excitation since V2 — V3. 
No current flows through the resistor of normalized value 2, so it can be removed, leav- 
ing the circuit of Figure 7.1 lb. We then have the parallel connection of two quarter- wave 
transformers terminated in loads of unity (normalized). The input impedance is 

Z in = i(V2) 2 = l. (7.36) 

In summary, we can establish the following scattering parameters for the Wilkinson 
divider: 

(Z m = 1 at port 1) 

(ports 2 and 3 matched for even and odd modes) 
(symmetry due to reciprocity) 

(symmetry of ports 2 and 3) 
(due to short or open at bisection) 



S11 


= 0 


S22 


= S33 


Sn 


= s 21 


S13 




S23 


= S32 



0 

v[ 

V4 



XL 



-7/V2 



0 
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Port 3 

(a) 




Port 3 

(b) 

FIGURE 7.11 Analysis of the Wilkinson divider to find S n . (a) The terminated Wilkinson di- 
vider, (b) Bisection of the circuit in (a). 

The preceding formula for Sn applies because all ports are matched when terminated 
with matched loads. Note that when the divider is driven at port 1 and the outputs are 
matched, no power is dissipated in the resistor. Thus the divider is lossless when the outputs 
are matched; only reflected power from ports 2 or 3 is dissipated in the resistor. Because 
S23 = 532 = 0, ports 2 and 3 are isolated. 



EXAMPLE 7.2 DESIGN AND PERFORMANCE OF A WILKINSON DIVIDER 

Design an equal-split Wilkinson power divider for a 50 £2 system impedance at 
frequency fo, and plot the return loss (Sn), insertion loss (S21 — S31), and isola- 
tion (S23 = S32) versus frequency from 0.5 fo to 1.5 fo- 

Solution 

From Figure 7.8 and the above derivation, we have that the quarter-wave trans- 
mission lines in the divider should have a characteristic impedance of 

Z - V2Z 0 - 70.7 £2, 

and the shunt resistor a value of 

R = 2Z 0 = 100 £2. 




The transmission lines are A/4 long at the frequency fo- Using a computer-aided 
design tool for the analysis of microwave circuits, the scattering parameter mag- 
nitudes were calculated and plotted in Figure 7.12. ■ 
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0.5/o 



FIGURE 7.12 Frequency response of an equal-split Wilkinson power divider. Port 1 is the input 
port; ports 2 and 3 are the output ports. 



Unequal Power Division and A/-Way Wilkinson Dividers 

Wilkinson-type power dividers can also be made with unequal power splits; a microstrip 
line version is shown in Figure 7.13. If the power ratio between ports 2 and 3 is 
K 2 — P3/P2, then the following design equations apply: 



Z 0 3 = Z 0 , 



l + K 2 



Z 02 = K 2 Z Q3 = Z^K(\ + K 2 ), 

R = Zo(k + 1 -). 



(7.37a) 

(7.37b) 
(7.37c) 



Note that the above results reduce to the equal-split case for K — 1 . Also observe that the 
output lines are matched to the impedances R2 — ZqK and R3 — Zq/K, as opposed to the 
impedance Zq; matching transformers can be used to transform these output impedances. 

The Wilkinson divider can also be generalized to an N-way divider or combiner [4], 
as shown in Figure 7.14. This circuit can be matched at all ports, with isolation between all 
ports. A disadvantage, however, is the fact that the divider requires crossovers for the re- 
sistors for N >3, which makes fabrication difficult in planar form. The Wilkinson divider 
can also be made with stepped multiple sections, for increased bandwidth. A photograph 
of a four- way Wilkinson divider network is shown in Figure 7.15. 




R 2 - Z 0 K 



R'l — Zn/K 



FIGURE 7.13 A Wilkinson power divider in microstrip form having unequal power division. 
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FIGURE 7.14 An /V-way, equal-split Wilkinson power divider. 



WAVEGUIDE DIRECTIONAL COUPLERS 

We now turn our attention to directional couplers, which are four-port devices with the 
characteristics discussed in Section 7.1. To review the basic operation, consider the direc- 
tional coupler schematic symbols shown in Figure 7.4. Power incident at port 1 will couple 
to port 2 (the through port) and to port 3 (the coupled port), but not to port 4 (the isolated 
port). Similarly, power incident in port 2 will couple to ports 1 and 4, but not 3. Thus, 
ports 1 and 4 are decoupled, as are ports 2 and 3. The fraction of power coupled from port 
1 to port 3 is given by C, the coupling coefficient, as defined in (7.20a), and the leakage 
of power from port 1 to port 4 is given by /, the isolation, as defined in (7.20c). Another 
quantity that characterizes a coupler is the directivity, D — I — C (dB), which is the ratio 




FIGURE 7.15 Photograph of a four-way corporate power divider network using three microstrip 
Wilkinson power dividers. Note the isolation chip resistors. 
Courtesy of M. D. Abouzahra, MIT Lincoln Laboratory, Lexington, Mass. 
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of the powers delivered to the coupled port and the isolated port. The ideal coupler is char- 
acterized solely by the coupling factor, as the isolation and directivity are infinite. The ideal 
coupler is also lossless and matched at all ports. 

Directional couplers can be made in many different forms. We will first discuss wave- 
guide couplers, followed by hybrid junctions. A hybrid junction is a special case of a 
directional coupler, where the coupling factor is 3 dB (equal split), and the phase relation 
between the output ports is either 90° (quadrature hybrid), or 180° (magic-T or rat-race 
hybrid). Then we will discuss the implementation of directional couplers in coupled trans- 
mission line form. 



Bethe Hole Coupler 

The directional property of all directional couplers is produced through the use of two sep- 
arate waves or wave components, which add in phase at the coupled port and are canceled 
at the isolated port. One of the simplest ways of doing this is to couple one waveguide 
to another through a single small hole in the common broad wall between the two wave- 
guides. Such a coupler is known as a Bethe hole coupler, two versions of which are shown 
in Figure 7.16. From the small-aperture coupling theory of Section 4.8, we know that an 
aperture can be replaced with equivalent sources consisting of electric and magnetic dipole 
moments [6]. The normal electric dipole moment and the axial magnetic dipole moment 
radiate with even symmetry in the coupled guide, while the transverse magnetic dipole mo- 
ment radiates with odd symmetry. Thus, by adjusting the relative amplitudes of these two 
equivalent sources, we can cancel the radiation in the direction of the isolated port, while 
enhancing the radiation in the direction of the coupled port. Figure 7.16 shows two ways in 
which these wave amplitudes can be controlled; in the coupler shown in Figure 7.16a, the 




FIGURE 7.16 Two versions of the Bethe hole directional coupler, (a) Parallel waveguides, 
(b) Skewed waveguides. 
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two waveguides are parallel and the coupling is controlled by s, the aperture offset from 
the sidewall of the waveguide. For the coupler of Figure 7.16b, the wave amplitudes are 
controlled by the angle, 6, between the two waveguides. 

First consider the configuration of Figure 7.16a, with an incident TEio mode into 
port 1 . These fields can be written as 



E y — A sin — e 
a 



— A TtX 

sin — i 

Zio a 



H 7 



TTX 



jnA 

cos — e 

paZ[Q a 



(7.38a) 
(7.38b) 
(7.38c) 



where Zio = is the wave impedance of the TEio mode. Then, from (4.124) and 

(4.125), this incident wave generates the following equivalent polarization currents at the 
aperture at x — s, y — b, z — 0: 



TtS 

P e — eoa e yA sin — S(x - s)S(y - b)S(z), 
a 



w m A 



-X TtS A JJT TtS 

— sin h z cos — 

Zio a fiaZio a 



(7.39a) 

S(x-s)&(y-b)S(z). (7.39b) 



Using (4.128a) and (4.128b) to relate P e and P m to the currents J and M, and then using 
(4.118), (4.120), (4.122), and (4.123), gives the amplitudes of the forward and reverse 
traveling waves in the top guide as 
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(7.40a) 
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(7.40b) 



where Pio = ab/Z\Q is the power normalization constant. Note from (7.40a) and (7.40b) 
that the amplitude of the wave excited toward port 4 (A+ 0 ) is generally different from that 
excited toward port 3 (A^~ 0 ) (because //+ = —H~), so we can cancel the power delivered 
to port 4 by setting A+ Q = 0. If we assume that the aperture is round, then Table 4.3 gives 
the polarizabilities as a e — 2r^/3 and a m — 4rg/3, where rois the radius of the aperture. 
Then from (7.40a) we obtain the following condition for A+ Q = 0: 



2e 0 
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or 



. 7TS 
sin — 7T 



v^-ky y 2 (^2 - fl 2) ' 



The coupling factor is then given by 

C = 20 log 

and the directivity by 

D = 20 log 



10 



'10 



A + 



dB 



dB. 



(7.41) 



(7.42a) 



(7.42b) 



Thus, a Bethe hole coupler of the type shown in Figure 7.16a can be designed by first 
using (7.41) to find s, the position of the aperture, and then using (7.42a) to determine the 
aperture size, ro, to give the required coupling factor. 

For the skewed geometry of Figure 7.16b, the aperture may be centered at s — a/2, 
and the skew angle 9 adjusted for cancellation at port 4. In this case, the normal electric 
field does not change with 9, but the transverse magnetic field components are reduced by 
cos 9. We can account for the skew angle by replacing a m in the previous derivation by 
a m cos 9. The wave amplitudes of (7.40a) and (7.40b) then become, for s — a/2, 
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(7.43a) 



(7.43b) 



Setting At 0 — 0 results in the following condition for the angle 9: 



2eo y~ cos 9 



0, 



J 1Q 
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cos 9 



k 2 
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2 • 



The coupling factor then simplifies to 



C = 20 log 



10 



= -20 log 



4J-2 3 
__0_0_ 

3abfi 



dB. 



(7.44) 



(7.45) 




The angular geometry of the skewed Bethe hole coupler is often a disadvantage in 
terms of fabrication and application. In addition, both coupler designs operate properly 
only at the design frequency; deviation from this frequency will alter the coupling level 
and the directivity, as shown in the following example. 



EXAMPLE 7.3 BETHE HOLE COUPLER DESIGN AND PERFORMANCE 

Design a Bethe hole coupler of the type shown in Figure 7.16a for an X-band 
waveguide operating at 9 GHz, with a coupling of 20 dB. Calculate and plot the 
coupling and directivity from 7 to 1 1 GHz. Assume a round aperture. 
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Solution 

For an X-band waveguide at 9 GHz, we have the following constants: 

a = 0.02286 m, 

b - 0.01016 m, 

X Q = 0.0333 m, 

k 0 - 188.5 m" 1 , 

P = 129.0 m" 1 , 

Zio = 550.9 Q, 

PlO = 4.22 x 10" 7 m 2 /^. 
Equation (7.41) can be used to find the aperture position s: 



TZS 

sin — = 
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Xq 



2(xl-al) 



0.972, 



s = - sin" 1 0.972 = 0.424a = 9.69 mm. 

JT 



The coupling is 20 dB, so 



C=20 dB = 201og 



10 



or 



10 20/20 = 10 . 



thus, \ A~JA\ = 1/10. Now use (7.40b) to find r 0 : 



10 



1 

To 



e 0 a e H ir- (0.944) - 



'10 



P 2 a*Zl 



(0.056) 



10 



Because a e — 2r^/3 and a m = 4^/3, we obtain 



or 



0.1 = 1.44 x 10 6 r^, 



ro = 4.15 mm. 



This completes the design of the Bethe hole coupler. To compute the coupling 
and directivity versus frequency, we evaluate (7.42a) and (7.42b), using the ex- 
pressions for A^~ 0 and A+ 0 given in (7.40a) and (7.40b). In these expressions the 
aperture position and size are fixed at s — 9.69 mm and ro = 4.15 mm, and the 
frequency is varied. A short computer program was used to calculate the data 
shown in Figure 7.17. Observe that the coupling varies by less than 1 dB over the 
band. The directivity is very large (>60 dB) at the design frequency but decreases 
to 15-20 dB at the band edges. The directivity is a more sensitive function of 
frequency because it depends on the cancellation of two wave components. ■ 
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0 




Frequency GHz 



FIGURE 7.17 Coupling and directivity versus frequency for the Bethe hole coupler of Exam- 
pie 7.3. 



Design of Multihole Couplers 

As seen from Example 7.3, a single-hole coupler has a relatively narrow bandwidth, at 
least in terms of its directivity. However, if the coupler is designed with a series of coupling 
holes, the extra degrees of freedom can be used to increase this bandwidth. The principle 
of operation and design of such a multihole waveguide coupler is very similar to that of the 
multisection matching transformer. 

First let us consider the operation of the two-hole coupler shown in Figure 7.18. Two 
parallel waveguides sharing a common broad wall are shown, although the same type of 
structure could be made in microstrip line or stripline form. Two small apertures are spaced 
A. g /4 apart and couple the two guides. A wave entering at port 1 is mostly transmitted 
through to port 2, but some power is coupled through the two apertures. If a phase reference 
is taken at the first aperture, then the phase of the wave incident at the second aperture will 
be —90°. Each aperture will radiate a forward wave component and a backward wave 
component into the upper guide; in general, the forward and backward amplitudes are 
different. In the direction of port 3, both wave components are in phase because both have 
traveled X g /4 to the second aperture. However, we obtain a cancellation in the direction of 
port 4 because the wave coming through the second aperture travels Xg/2 further than the 
wave component coming through the first aperture. Clearly, this cancellation is frequency 
sensitive, making the directivity a sensitive function of frequency. The coupling is less 
frequency dependent since the path lengths from port 1 to port 3 are always the same. 



0 (Isolated) (Coupled) (3) 




© (Input) (Through) @ 

FIGURE 7.18 Basic operation of a two-hole directional coupler. 
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FIGURE 7.19 Geometry of an (N + l)-hole waveguide directional coupler. 



Thus, in the multihole coupler design, we synthesize the directivity response, as opposed 
to the coupling response, as a function of frequency. 

Now consider the general case of the multihole coupler shown in Figure 7.19, where 
N + 1 equally spaced apertures couple two parallel waveguides. The amplitude of the inci- 
dent wave in the lower left guide is A and, for small coupling, is essentially the same as the 
amplitude of the through wave. For instance, a 20 dB coupler has a power coupling factor 
of 10- 20/10 = 0.01, so the power transmitted through waveguide A is 1 — 0.01 = 0.99 of 
the incident power (1% coupled to the upper guide). The voltage (or field) drop in wave- 
guide A is V0.99 = 0.995, or 0.5%. Thus, the assumption that the amplitude of the incident 
field is identical at each aperture is a good one. Of course, the phase will change from one 
aperture to the next. 

As we saw in the previous section for the Bethe hole coupler, an aperture generally 
excites forward and backward traveling waves with different amplitudes. Thus, let 

F n denote the coupling coefficient of the nth aperture in the forward direction. 
B n denote the coupling coefficient of the nth aperture in the backward direction. 

Then the amplitude of the forward wave can be written as 



F = Ae 



-jfiNd 



(7.46) 



n=0 



since all components travel the same path length. The amplitude of the backward wave is 



B = Aj2 B ne~ 



2j/3nd 



(7.47) 



n=0 



since the path length for the nth component is 2/3nd, where d is the spacing between the 
apertures. In (7.46) and (7.47) the phase reference is taken at the n = 0 aperture. 

From the definitions in (7.20a) and (7.20b) the coupling and directivity can be com- 
puted as 



C = -201OE 



D = -201OE 



F 






= -20 log 


A 




B 






= -20 log 


F 





-C -20 log 



N 
n=Q 



dB, 



T N B e - 2 jP nd 



(7.48) 



2 jfind 



dB. 



(7.49) 
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Now assume that the apertures are round holes with identical positions s relative to 
the edge of the guide, with r„ being the radius of the nth aperture. Then we know from 
Section 4.8 and the preceding section that the coupling coefficients will be proportional 
to the polarizabilities a e and a m of the aperture, and hence proportional to r%. So we can 
write 



B„ 



(7.50a) 
(7.50b) 



where Kf and Kb are constants for the forward and backward coupling coefficients that are 
the same for all apertures, but are functions of frequency. Then (7.48) and (7.49) reduce to 



C = 



-20 log \K f \ - 201og^r„ 3 dB, 



(7.51) 



D — —C 



= -C 



20 log 1 -20 log 

n=0 

20 log | Xfo | -20 log 5 dB 



3 £ -2jfind 



(7.52) 



In (7.51), the second term is constant with frequency. The first term is not affected 
by the choice of r„, but is a relatively slowly varying function of frequency. Similarly, 
in (7.52) the first two terms are slowly varying functions of frequency, representing the 
directivity of a single aperture, but the last term (S) is a sensitive function of frequency due 
to phase cancellation in the summation. Thus we can choose the r n to synthesize a desired 
frequency response for the directivity, while the coupling should be relatively constant with 
frequency. 

Observe that the last term in (7.52), 



S = 



£ 

n=Q 



rV 



2 j find 



(7.53) 



is very similar in form to the expression obtained in Section 5.5 for multisection quarter- 
wave matching transformers. As in that case, we can develop coupler designs that yield 
either a binomial (maximally flat) or a Chebyshev (equal ripple) response for the directivity. 
Another interpretation of (7.53) may be recognizable to the student familiar with basic 
antenna theory, as this expression is identical to the array pattern factor of an (N + 1)- 
element array with element weights r„. In that case, too, the pattern may be synthesized in 
terms of binomial or Chebyshev polynomials. 

Binomial response: As in the case of the multisection quarter-wave matching transformers, 
we can obtain a binomial, or maximally flat, response for the directivity of the multihole 
coupler by making the coupling coefficients proportional to the binomial coefficients. Thus, 



= kCi 



(7.54) 



where k is a constant to be determined, and C„ is a binomial coefficient given in (5.51). 
To find k, we evaluate the coupling using (7.51) to give 



C = -20 log | K f | -20 log k -20 log ^ C n dB - 

n=0 



(7.55) 
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Because we know Kf, N , and C, we can solve for k and then find the required aperture 
radii from (7.54). The spacing, d, should be X g /4 at the center frequency. 

Chebyshev response: First assume that N is even (an odd number of holes), and that the 
coupler is symmetric, so that ro = r^, r\ — '"w-i, etc. Then from (7.53) we can write S as 



S = 



n=0 



3 e -2jn8 



N/2 



= 2^V„ 3 cos(JV-2«)(9, 



«=0 




where 0 = fid. To achieve a Chebyshev response we equate this to the Chebyshev polyno- 
mial of degree N: 

N/2 

S = 2^V„ 3 cos(JV -2n)0 = fe|7iv(sec0 m cos0)|, (7.56) 

n=0 

where k and 0 m are constants to be determined. From (7.53) and (7.56), we see that for 
0 — 0, S — J2n=o r n — k\Tu{sQc9 m )\. Using this result in (7.51) gives the coupling as 

C= -201og|^/|-201og5| e=0 

= -20 log \K f \- 20 log k - 20 log | T N (sec 0 m ) | dB. (7.57) 

From (7.52) the directivity is 

D = -C- 20 log \K b \ -20 log S 

Kf Tw(sec0 m ) 
= 20 log -L + 20 log N \ fl , dB. (7.58) 
Ki, Tn (sec 0 m cos 0) 

The term log Xf/Kfc is a function of frequency, so D will not have an exact Chebyshev 
response. This error is usually small, however. We can assume that the smallest value of 
D will occur when 7jv(sec0 m cos0) = 1, since |7Ar(sec0 m )| > |7jv(sec0 m cos 0)|. So if 
D m i n is the specified minimum value of directivity in the passband, then 0 m can be found 
from the relation 

D min = 20 log 7V(sec0 m ) dB. (7.59) 

Alternatively, we could specify the bandwidth, which then dictates 0 m and Z) m ; n . In either 
case, (7.57) can then be used to find k, and then (7.56) solved for the radii, r n . 

If N is odd (an even number of holes), the results for C, D, and D m ; n in (7.57), (7.58), 
and (7.59) still apply, but instead of (7.56), the following relation is used to find the aperture 
radii: 

(7V-D/2 

5 = 2 rfcos(N - 2n)0 = k\T N (sec 0 m cos 0)\. (7.60) 

«=o 

EXAMPLE 7.4 MULTIHOLE WAVEGUIDE COUPLER DESIGN 

Design a four-hole Chebyshev coupler in an X-band waveguide using round aper- 
tures located at s — a/4. The center frequency is 9 GHz, the coupling is 20 dB, 
and the minimum directivity is 40 dB. Plot the coupling and directivity response 
from 7 to 1 1 GHz. 
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Solution 

For an X-band waveguide at 9 GHz, we have the following constants: 

a - 0.02286 m, 
b = 0.01016 m, 
A. 0 = 0.0333 m, 
k 0 = 188.5 m" 1 , 
P = 129.0 m" 1 , 
Zio = 550.9 Q, 
Pio = 4.22x 10~ 7 m 2 /£2. 

From (7.40a) and (7.40b), we obtain for an aperture at s — a/4: 



\Kf\ = 
\K b \ = 



_2ko_ 
3?7o-Pio 

2k 0 
3)70^10 



sin 



2 Its IP 1 



v 0 



9 TVS 

sin 2 h 

a 



2 ICS IP' 

sin 1 ^ 

a k} 



TVS 



sin 



o 



JT 2 




its 


P 2 a 2 


cos 2 


a 


it 2 


cos 2 


its 


P 2 a 2 


a 



= 3.953 x 10 5 , 
= 3.454 xlO 5 . 



For a four-hole coupler, N — 3,so (7.59) gives 

40 = 2Olog73(sec0 m ) dB, 
100 = T3(sec0 m ) = cosh [3 cosh -1 (sec 0 m )], 
sec9 m — 3.01, 

where (5.58b) was used. Thus 6 m — 70.6° and 109.4° at the band edges. Then 
from (7.57) we can solve for k: 

C = 20= -201og(3.953 x 10 5 ) - 20 log A: - 40 dB, 
201ogfe = -171.94, 

k = 2.53 x 10" 9 . 



Finally, (7.60) and the expansion from (5.60c) for Tt, allow us to solve for the radii 
as follows: 



S — 2(tq cos 39 + rf cos 9) — k[sec 3 6 m (cos 39 + 3 cos 9) — 3 sec# m cosd], 

) m ro — r3 = 3.26 mm, 

sec# m ) =>■ r\ — ri — 4.51 mm. 



2r^ — k sec 3 ( 



2r\ = 3/t(sec 3 i 



The resulting coupling and directivity are plotted in Figure 7.20; note the in- 
creased directivity bandwidth compared to that of the Bethe hole coupler of 
Example 7.3. ■ 
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FIGURE 7.20 Coupling and directivity versus frequency for the four-hole coupler of Exam- 
pie 7.4. 



THE QUADRATURE (90°) HYBRID 

Quadrature hybrids are 3 dB directional couplers with a 90° phase difference in the out- 
puts of the through and coupled arms. This type of hybrid is often made in microstrip line 
or stripline form as shown in Figure 7.21 and is also known as a branch-line hybrid. Other 
3 dB couplers, such as coupled line couplers or Lange couplers, can also be used as quadra- 
ture couplers; these components will be discussed in later sections. Here we will analyze 
the operation of the quadrature hybrid using an even-odd mode decomposition technique 
similar to that used for the Wilkinson power divider. 

With reference to Figure 7.21, the basic operation of the branch-line coupler is as 
follows. With all ports matched, power entering port 1 is evenly divided between ports 2 
and 3, with a 90° phase shift between these outputs. No power is coupled to port 4 (the 
isolated port). The scattering matrix has the following form: 



IS] 



-1 

VI 



0 j i o 
j o 0 1 

1 0 0 j 
L0 1 j 0 



(7.61) 



Observe that the branch-line hybrid has a high degree of symmetry, as any port can be used 
as the input port. The output ports will always be on the opposite side of the junction from 
the input port, and the isolated port will be the remaining port on the same side as the input 
port. This symmetry is reflected in the scattering matrix, as each row can be obtained as a 
transposition of the first row. 



(Input) ® 



(Isolated) 0 



Z 0 /V2 




(2) (Output) 



(3) (Output) 



Z 0 /V2 



FIGURE 7.21 Geometry of a branch-line coupler. 
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FIGURE 7.22 Circuit of the branch-line hybrid coupler in normalized form. 



Even-Odd Mode Analysis 

We first draw the schematic circuit of the branch-line coupler in normalized form, as in 
Figure 7.22, where it is understood that each line represents a transmission line with in- 
dicated characteristic impedance normalized to Zq. The common ground return for each 
transmission line is not shown. We assume that a wave of unit amplitude A\ — lis incident 
at port 1 . 

The circuit of Figure 7.22 can be decomposed into the superposition of an even-mode 
excitation and an odd-mode excitation [5], as shown in Figure 7.23. Note that superimpos- 
ing the two sets of excitations produces the original excitation of Figure 7.22, and since the 
circuit is linear, the actual response (the scattered waves) can be obtained from the sum of 
the responses to the even and odd excitations. 

Because of the symmetry or antisymmetry of the excitation, the four-port network can 
be decomposed into a set of two decoupled two-port networks, as shown in Figure 7.23. 
Because the amplitudes of the incident waves for these two-ports are ±1/2, the amplitudes 
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FIGURE 7.23 Decomposition of the branch-line coupler into even- and odd-mode excitations, 
(a) Even mode (e). (b) Odd mode (o). 
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of the emerging wave at each port of the branch-line hybrid can be expressed as 

1 1 



- 2 r e + - 2 r 0 , 


(7.62a) 


l l 


(7.62b) 


1 1 

2 Te ~ 2^' 


(7.62c) 


1 1 

-T e - -T 0 , 

2 2 


(7.62d) 



B 3 



where T et „ and T e o are the even- and odd-mode reflection and transmission coefficients 
for the two-port networks of Figure 7.23. First consider the calculation of T e and T e for 
the even-mode two-port circuit. This can best be done by multiplying the ABCD matrices 
of each cascade component in that circuit, to give 



A B 
C D 



0 

jV2 



0 





"1 0" 


1 


"-i j ' 




J 1. 







Shunt 
Y = j 



X/4 
Transmission 
line 



Shunt 
Y — J 



(7.63) 



where the individual matrices can be found from Table 4. 1, and the admittance of the shunt 
open-circuited A/8 stubs is Y — j tan Bt — j. Then Table 4.2 can be used to convert from 
ABCD parameters (defined here with Z 0 = 1) to S parameters, which are equivalent to the 
reflection and transmission coefficients. Thus, 



r = A + B - C - D = (-1 + j - j + 1)/V2 = Q 



T e = 



A + B + C + D (_l + j + j - l)/V2 
2 2 



A + B + C + D (-1 + j + j - 1)/V2 V2 
Similarly, for the odd mode we obtain 



= -^(1+7)- 



" A B~ 


1 


"1 j' 


C D 


o~ V2 


J 1. 



which gives the reflection and transmission coefficients as 

r o = 0, 

Using (7.64) and (7.66) in (7.62) gives the following results: 



B\ 



0 



B 2 = - 



B 3 = - 
B 4 = 0 



V2 
1 



(port 1 is matched), 

(half-power, —90° phase shift from port 1 to 2), 

(half-power, —180° phase shift from port 1 to 3), 
(no power to port 4). 



(7.64a) 
(7.64b) 

(7.65) 

(7.66a) 
(7.66b) 

(7.67a) 
(7.67b) 

(7.67c) 
(7.67d) 



These results agree with the first row and column of the scattering matrix given in 
(7.61); the remaining elements can easily be found by transposition. 
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FIGURE 7.24 Photograph of an eight- way microstrip power divider for an array antenna feed net- 
work at 1 .26 GHz. The circuit uses six quadrature hybrids in a Bailey configuration 
for unequal power division ratios (see Problem 7.33). 
Courtesy of ProSensing, Inc., Amherst, Mass. 




In practice, due to the quarter- wave length requirement, the bandwidth of a branch-line 
hybrid is limited to 10%-20%. However, as with multisection matching transformers and 
multihole directional couplers, the bandwidth of a branch-line hybrid can be increased to 
a decade or more by using multiple sections in cascade. In addition, the basic design can 
be modified for unequal power division and/or different characteristic impedances at the 
output ports. Another practical point to be aware of is the fact that discontinuity effects at 
the junctions of the branch-line coupler may require that the shunt arms be lengthened by 
10° -20°. Figure 7.24 shows a photograph of a circuit using several quadrature hybrids. 



EXAMPLE 7.5 DESIGN AND PERFORMANCE OF A QUADRATURE HYBRID 

Design a 50 £2 branch-line quadrature hybrid junction, and plot the scattering 
parameter magnitudes from 0.5 fo to 1.5 fo, where fo is the design frequency. 

Solution 

After the preceding analysis, the design of a quadrature hybrid is trivial. The lines 
are X /4 at the design frequency fo, and the branch-line impedances are 



Zo 
V2 



50 



35.4 Q. 



The calculated frequency response is plotted in Figure 7.25. Note that we obtain 
perfect 3 dB power division at ports 2 and 3, and perfect isolation and return loss 
at ports 4 and 1, respectively, at the design frequency fo- All of these quantities, 
however, degrade quickly as the frequency departs from fo. ■ 




-40 

0.5/o f 0 1.5/o 

FIGURE 7.25 Scattering parameter magnitudes versus frequency for the branch-line coupler of 



Example 7.5. 
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FIGURE 7.26 Various coupled transmission line geometries, (a) Coupled stripline (planar, or 
edge-coupled), (b) Coupled stripline (stacked, or broadside-coupled), (c) Coupled 
microstrip lines. 



COUPLED LINE DIRECTIONAL COUPLERS 

When two unshielded transmission lines are in close proximity, power can be coupled from 
one line to the other due to the interaction of the electromagnetic fields. Such lines are re- 
ferred to as coupled transmission lines, and they usually consist of three conductors in close 
proximity, although more conductors can be used. Figure 7.26 shows several examples of 
coupled transmission lines. Coupled transmission lines are sometimes assumed to operate 
in the TEM mode, which is rigorously valid for coaxial line and stripline structures, but 
only approximately valid for microstrip line, coplanar waveguide, or slotline structures. 
Coupled transmission lines can support two distinct propagating modes, and this feature 
can be used to implement a variety of practical directional couplers, hybrids, and filters. 

The coupled lines shown in Figure 7.26 are symmetric, meaning that the two conduct- 
ing strips have the same width and position relative to ground; this simplifies the analysis 
of their operation. We will first discuss the basic theory of coupled lines and present some 
design data for coupled stripline and coupled microstrip line. We will then analyze the 
operation of a single-section coupled line directional coupler and extend these results to 
multisection coupled line coupler design. 



Coupled Line Theory 

The coupled lines of Figure 7.26, or other symmetric three-wire lines, can be represented 
by the structure and equivalent circuit shown in Figure 7.27. If we assume TEM prop- 
agation, then the electrical characteristics of the coupled lines can be completely deter- 
mined from the effective capacitances between the lines and the velocity of propagation 
on the line. As depicted in Figure 7.27, Cu represents the capacitance between the two 
strip conductors, and C\\ and C22 represent the capacitance between one strip conductor 



UU 
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\V\\VV\V\VVVVVV\V\V\VVVV^ 77777777777777777777777777, 
FIGURE 7.27 A three-wire coupled transmission line and its equivalent capacitance network. 
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FIGURE 7.28 Even- and odd-mode excitations for a coupled line, and the resulting equivalent 



and ground. Because the strip conductors are identical in size and location relative to the 
ground conductor, we have Cn == C22- Note that the designation of "ground" for the third 
conductor has no special relevance beyond the fact that it is convenient, since in many 
applications this conductor is the ground plane of a stripline or microstrip circuit. 

Now consider two special types of excitations for the coupled line: the even mode, 
where the currents in the strip conductors are equal in amplitude and in the same direction, 
and the odd mode, where the currents in the strip conductors are equal in amplitude but in 
opposite directions. The electric field lines for these two cases are sketched in Figure 7.28. 
Because the line is TEM, the propagation constant and phase velocity are the same for 
both of these modes: fi — co/v p and v p — c/^/e^, where e r is the relative permittivity of 
the TEM line. 

For the even mode, the electric field has even symmetry about the center line, and no 
current flows between the two strip conductors. This leads to the equivalent circuit shown, 
where Cn is effectively open-circuited. The resulting capacitance of either line to ground 
for the even mode is 



assuming that the two strip conductors are identical in size and location. Then the charac- 
teristic impedance for the even mode is 



where v p — c/^/e7 = l/*jL e C e — l/^/L 0 C 0 is the phase velocity of propagation on the 
line. 

For the odd mode, the electric field lines have an odd symmetry about the center line, 
and a voltage null exists between the two strip conductors. We can imagine this as a ground 



capacitance networks, (a) Even-mode excitation, (b) Odd-mode excitation. 



Cn = C22, 



(7.68) 




(7.69) 
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plane through the middle of C\i, which leads to the equivalent circuit shown. In this case 
the effective capacitance between either strip conductor and ground is 

C 0 = C u + 2C l2 = C 22 + 2C l2 , (7.70) 
and the characteristic impedance for the odd mode is 




(7.71) 



In words, Zo« (Zo 0 ) is the characteristic impedance of one of the strip conductors relative to 
ground when the coupled line is operated in the even (odd) mode. An arbitrary excitation 
of a coupled line can always be treated as a superposition of appropriate amplitudes of 
even- and odd-mode excitations. This analysis assumes the lines are symmetric, and that 
fringing capacitances are identical for even and odd modes. 

If the coupled line supports a pure TEM mode, such as coaxial line, parallel plate 
guide, or stripline, analytical techniques such as conformal mapping [7] can be used to 
evaluate the capacitances per unit length of line, and the even- and odd-mode character- 
istic impedances can then be determined. For quasi-TEM lines, such as microstrip line, 
these results can be obtained numerically or by approximate quasi-static techniques [8]. In 
either case, such calculations are generally too involved for our consideration, but many 
commercial microwave CAD packages can provide design data for a variety of coupled 
lines. Here we will present only graphical design data for two cases of coupled lines. 

For a symmetric coupled stripline of the type shown in Figure 7.26a, the design graph 
in Figure 7.29 can be used to determine the necessary strip widths and spacing for a given 
set of characteristic impedances, Zo e and Zq„, and the dielectric constant. This graph 




20 40 60 80 100 120 140 160 

FIGURE 7.29 Normalized even- and odd-mode characteristic impedance design data for sym- 
metric edge-coupled striplines. 
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should cover ranges of parameters for most practical applications, and can be used for 
any dielectric constant, since the TEM mode of stripline allows scaling by the dielectric 
constant. 

For coupled microstrip lines, the results do not scale with dielectric constant, so design 
graphs must be made for specific values of dielectric constant. Figure 7.30 shows such a 
design graph for symmetric coupled microstrip lines on a substrate with e r — 10. Another 
difficulty with coupled microstrip lines is the fact that the phase velocity is usually different 
for the two modes of propagation because the two modes operate with different field con- 
figurations in the vicinity of the air-dielectric interface. This can have a degrading effect 
on coupler directivity. 



EXAMPLE 7.6 IMPEDANCE OF A SIMPLE COUPLED LINE 

For the broadside coupled stripline geometry of Figure 7.26b, assume IV » S 
and W ^> b, so that fringing fields can be ignored, and determine the even- and 
odd-mode characteristic impedances. 

Solution 

We first find the equivalent network capacitances, Cn and Cn (because the line 
is symmetric, C22 = Cn). The capacitance per unit length of broadside parallel 
lines with width W and separation d is 

- eW , 

C = F/m, 

d 



where e is the substrate permittivity. This formula ignores fringing fields. 
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C\\ is formed by the capacitance of one strip to the ground planes. Thus the 
capacitance per unit length is 

- 2e r , Q W 

C u = -, F/m. 

b — s 

The capacitance per unit length between the strips is 

C12 = F/m. 

S 

Then from (7.68) and (7.70), the even- and odd-mode capacitances are 

2e r e 0 W 



C e = Cu = ~, =-F/m, 

b — S 



C 0 = Cu + 2Ci2 = 2e r e 0 W ^^-^ + ^ F/m. 

The phase velocity on the line is v p — l/«Je r €q[iq — c/^/e^, so the characteristic 
impedances are 

1 b-S 
z 0e — — ■=- — TO; 



v p C e 2WJT r 

1 1 

Zoo = — ■=- = TO; 



v p c 0 ,y '2w^;[i/(b-S) + i/s] 



Design of Coupled Line Couplers 

With the preceding definitions of the even- and odd-mode characteristic impedances, we 
can apply an even-odd mode analysis to a length of coupled line to arrive at the design 
equations for a single-section coupled line coupler. Such a line is shown in Figure 7.31. 
This four-port network is terminated in the impedance Zo at three of its ports, and driven 
with a generator of voltage 2Vq and internal impedance Zq at port 1. We will show that 
a coupler can be designed with arbitrary coupling such that the input (port 1) is matched, 
while port 4 is isolated. Port 2 is the through port, and port 3 is the coupled port. In Figure 
7.31, a ground conductor is understood to be common to both strip conductors. 

For this problem we will apply the even-odd mode analysis technique in conjunction 
with the voltages and currents on the line, as opposed to the reflection and transmission 
coefficients. So, by superposition, the excitation at port 1 in Figure 7.31 can be treated as 
the sum of the even- and odd-mode excitations shown in Figure 7.32. From symmetry we 
can see that If = 7|, I e A = 1%, V[ = V 3 e , and V 4 e = V£ for the even mode, while 1° = -1°, 
1% = -7 2 °, V[ = - V 3 0 , and V 4 ° = -V 2 ° for the odd mode. The input impedance at port 1 
of the coupler of Figure 7.31 can then be expressed as 

Vl Vf + V" 

If we let Z? n be the input impedance at port 1 for the even mode, and Z° n be the input 
impedance for the odd mode, then we have 

Zn + / Zn c tan 8 

Z? = Z 0e , (7.73a) 

Ue Z Oe + ;Z o tan0' 

Z^Zo^ 
00 Zoo + jZotanff' 
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(b) 

FIGURE 7.31 A single-section coupled line coupler, (a) Geometry and port designations, (b) The 
schematic circuit. 
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FIGURE 7.32 Decomposition of the coupled line coupler circuit of Figure 7.31 into even- and 
odd-mode excitations, (a) Even mode, (b) Odd mode. 
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since, for each mode, the line looks like a transmission line of characteristic impedance 
Zo e or Zo 0 , terminated in a load impedance, Zq. Then by voltage division, 



Z? 

Z in + Z 0 



Vf 



v 0 



z e 

in 



K + z 0 



and 



J" — 

1 - 70 



Vo 



Vo 



Using these results in (7.72) yields 



7 ZP(Zg, + Zo) + ZS 1 (Zg, + Zo) 

Z in = . ^„ . „^ = Z 0 



2(^-Z 0 2 ) 



Now if we let 

then (7.73a) and (7.73b) reduce to 



h2Z 0 Zj^ + Z? +2Z 0 

Zo = V Zo« Zo 0 , 

*/Z^+ jy/Z^etanO 

Z° m = Z 0 „ 



(7.74a) 
(7.74b) 

(7.75a) 
(7.75b) 

(7.76) 
(7.77) 



Zoe + j^Zfo tan 6 
Zoe + jy/Z^, tan 9 



/Zqo + j^/Zoe tan 
so that Z? n Z? = ZoeZc = Zq, and (7.76) reduces to 

Zin = Zq. 



(7.78) 



Thus, as long as (7.77) is satisfied, port 1 (and, by symmetry, all other ports) will be 
matched. 

Now if (7.77) is satisfied, so that Z m — Zq, we have that V\ — Vo, by voltage division. 
The voltage at port 3 is 



y 3 = y 3 e + y 3 ° = yf - y x ° = y 0 



Z?+Zo Z?+Z 0 



(7.79) 



where (7.74) has been used. From (7.73) and (7.77), we can show that 

z f n _ Z 0 + ;Z 0e tanfl 
Z? + Z 0 ~ 2Z 0 + 7 (Z 0e + Z 0o ) tan 0 ' 

Z? Z o + ;Z Oo tan0 



Z? + Z 0 2Z 0 + 7 (Z 0e + Z 0o ) tan 9 ' 



so that (7.79) reduces to 



V 3 = Vo 



j (Z 0e - Z 0o ) tan 9 
2Zq + j (Z Qe + Z Qo ) tan 9 ' 



(7.80) 
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Now define the coupling coefficient, C, as 

C = Z ° e ~ Z °\ (7.81) 
which we will soon see is actually the midband voltage coupling coefficient, V3/V0. Then, 



Vi-c 2 



2Z 0 



Z()e + Zoo 

so that 

jC tan 6 

V 3 = Vo j=J= -. (7.82) 

Similarly, we can show that J 

y 4 = vi + v° = y 2 c - v 2 ° = o, (7.83) 
vr - c 2 

y 2 = vf + V ( { = Vo . . (7.84) 

VI -C 2 cos 6» + jsin6> 

Equations (7.82) and (7.84) can be used to plot the coupled and through port voltages 
versus frequency, as shown in Figure 7.33. At very low frequencies (9 tt/2), virtually 
all power is transmitted through port 2, with none being coupled to port 3. For 8 = tt/2, the 
coupling to port 3 is at its first maximum; this is where the coupler is generally operated, 
for small size and minimum line loss. Otherwise, the response is periodic, with maxima in 
y 3 for 6 = it/2, 3jt/2, . . . 

For 6 — tt/2, the coupler is X/A long, and (7.82) and (7.84) reduce to 

y 3 

— = C, (7.85) 
Vo 

Yl = -jVl - C 2 , (7.86) 
Vo 

which shows that C < 1 is the voltage coupling factor at the design frequency, 6 — tt/2. 
Note that these results satisfy power conservation since P; n = (1/2)| Vb| 2 /Zo, while the 

output powers are P 2 = (l/2)|y 2 | 2 /Zo = (l/2)(l-C 2 )|yo| 2 /Zo, J P3 = (l/2)|C| 2 |yo| 2 /Zo, 
and P4 — 0,so that P m = P 2 + P3 + P4. Also observe that there is a 90° phase shift be- 
tween the two output port voltages; thus this coupler can be used as a quadrature hybrid. 
In addition, as long as (7.77) is satisfied, the coupler will be matched at the input and have 
perfect isolation, at any frequency. 
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Finally, if the characteristic impedance, Zq, and the voltage coupling coefficient, C, 
are specified, then the following design equations for the required even- and odd-mode 
characteristic impedances can be easily derived from (7.77) and (7.81): 



I + C 




i-c 

Zoo = Zo ViTc' (7 ' 87b) 

In the above analysis it was assumed that the even and odd modes of the coupled line 
structure have the same velocities of propagation, so that the line has the same electrical 
length for both modes. For coupled microstrip lines, or other non-TEM lines, this condition 
will generally not be satisfied exactly, and the coupler will have poor directivity. The fact 
that coupled microstrip lines have unequal even- and odd-mode phase velocities can be 
intuitively explained by considering the field line plots of Figure 7.28, which show that the 
even mode has less fringing field in the air region than the odd mode. Thus its effective 
dielectric constant should be higher, indicating a smaller phase velocity for the even mode. 
Techniques for compensating coupled microstrip lines to achieve equal even- and odd- 
mode phase velocities include the use of dielectric overlays and anisotropic substrates. 

This type of coupler is best suited for weak coupling, as a large coupling factor requires 
lines that are too close together to be practical, or a combination of even- and odd-mode 
characteristic impedances that is nonrealizable. 



EXAMPLE 7.7 SINGLE-SECTION COUPLER DESIGN AND PERFORMANCE 

Design a 20 dB single-section coupled line coupler in stripline with a ground 
plane spacing of 0.32 cm, a dielectric constant of 2.2, a characteristic impedance 
of 50 £2, and a center frequency of 3 GHz. Plot the coupling and directivity from 
1 to 5 GHz. Include the effect of losses by assuming a loss tangent of 0.05 for the 
dielectric material and copper conductors of 2 mil thickness. 

Solution 

The voltage coupling factor is C — 10~ 20 / 20 = 0.1. From (7.87), the even- and 
odd-mode characteristic impedances are 



Zoe = Z 0 J- = 55.28 £2 



/l 


+ c 




- c 


/l 


- c 



Zqo = z ^YTc = 45 - 23 Q - 

To use Figure 7.29, we have that 

~JT r Z 0e = 82.0, 
Vi7Zo 0 = 67.1, 

and so W/b = 0.809 and S/b = 0.306. This gives a conductor width of W = 
0.259 cm and a conductor separation of S = 0.098 cm (these values were actually 
found using a commercial microwave CAD package). 

Figure 7.34 shows the resulting coupling and directivity versus frequency, 
including the effect of dielectric and conductor losses. Losses have the effect 
of reducing the directivity, which is typically greater than 70 dB in the absence 
of loss. ■ 
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FIGURE 7.34 Coupling versus frequency for the single-section coupler of Example 7.7. 



Design of Multisection Coupled Line Couplers 

As Figure 7.33 shows, the coupling of a single-section coupled line coupler is limited in 
bandwidth due to the X /4 length requirement. As in the case of matching transformers and 
waveguide couplers, bandwidth can be increased by using multiple sections. In fact, there 
is a very close relationship between multisection coupled line couplers and multisection 
quarter-wave transformers [9]. 

Because the phase characteristics are usually better, multisection coupled line couplers 
are generally made with an odd number of sections, as shown in Figure 7.35. Thus, we will 
assume that N is odd. We will also assume that the coupling is weak (C > 10 dB), and that 
each section is X/4 long (9 — 7t/2) at the center frequency. 

For a single coupled line section, with C <^ 1, (7.82) and (7.84) simplify to 

V 3 jCtanO jCtanf 



Vi 

Yl 
Vi 



Vl - C 2 + y'tantf 



1 + j tan 6 



- jCsm6e~ jd , 



Vl — C 2 cos 0 + j sin ( 



~ e 



-JO 



(7.88a) 



(7.88b) 



Then for 9 — jt/2 we have that V3/V1 = C and V2/V1 = — j. The above approximation 
is equivalent to assuming that no power is lost on the through path from one section to 
the next, and is similar to the approximation used for the multisection waveguide coupler 
analysis. It is a good assumption for small C, even though power conservation is violated. 




FIGURE 7.35 An W-section coupled line coupler. 
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Using these results, we can express the total voltage at the coupled port (port 3) of the 
cascaded coupler in Figure 7.35 as 



y 3 = (jCism0e- i9 )V\ + (;C 2 sin6>£>-' e ) Vie" 2 ' 0 
+ ... + (jC N smOe-^Vte-W-W 



(7.89) 



where C„ is the voltage coupling coefficient of the nth section. If we assume that the 
coupler is symmetric, so that C\ — Cn, C 2 = Cn-i, etc., we can simplify (7.89) to 

V 3 =jVi sin^-^[c 1 (l+ e - 2 ^ iv -^)+C 2 ( e - 2 ^+ e - 2 X ;v -^) + ••• + C M e- j(N - 1)6 ] 



:2jVism6e- jNe 



Ci cos(JV - 1)0 + C 2 cos(N — 3)6 H h -C M 



where M = (N + l)/2. 

At the center frequency, we define the voltage coupling factor Co: 

V 3 



C 0 = 



(7.90) 



(7.91) 



Equation (7.90) is in the form of a Fourier series for the coupling as a function of fre- 
quency. Thus, we can synthesize a desired coupling response by choosing the coupling co- 
efficients, C„ . Note that in this case we synthesize the coupling response, while in the case 
of the multihole waveguide coupler we synthesized the directivity response. This is because 
the path for the uncoupled arm of the multisection coupled line coupler is in the forward 
direction, and so is less dependent on frequency than the coupled arm path, which is in the 
reverse direction; this is the opposite situation from the multihole waveguide coupler. 

Multisection couplers of this form can achieve decade bandwidths, but coupling lev- 
els must be low. Because of the longer electrical length, it is more critical to have equal 
even- and odd-mode phase velocities than it is for the single-section coupler. This usually 
means that stripline is the preferred medium for such couplers. Mismatched phase veloci- 
ties will degrade the coupler directivity, as will junction discontinuities, load mismatches, 
and fabrication tolerances. A photograph of a coupled line coupler is shown in Figure 7.36. 




FIGURE 7.36 Photograph of a single-section microstrip coupled line coupler. 

Courtesy of M. D. Abouzahra, MIT Lincoln Laboratory, Lexington, Mass. 
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EXAMPLE 7.8 MULTISECTION COUPLER DESIGN AND PERFORMANCE 

Design a three-section 20 dB coupled line coupler with a binomial (maximally 
flat) response, a system impedance of 50 £2, and a center frequency of 3 GHz. 
Plot the coupling and directivity from 1 to 5 GHz. 



Solution 

For a maximally flat response for a three-section (N — 3) coupler, we require that 



d n 
d&" 



cm 



= 0 forn = l,2. 



e=7t/2 



From (7.90), 



so 



2 sin0 fcicos2(9 + l -C 2 



= Ci (sin 36 - sin 6) + C 2 sin 6 
= Ci sin 36 + (C 2 - Ci)sin0, 



dC 
~dd 

d 2 C 

le 2 



[3Ci cos 36i + (C 2 - Ci) cos 6] 



7T/2 



= [-9Ci sin 36 - (C 2 - Ci ) sin 0] 



jr/2 



10Ci - C 2 = 0. 



At midband, 6 = it/2 and C 0 = 20 dB. Thus, C = 10" 20 / 20 = 0.1 = C 2 - 2C h 
Solving these two equations for C\ and C 2 gives 

Ci = C 3 = 0.0125, 
C 2 = 0.125. 

From (7.87) the even- and odd-mode characteristic impedances for each section 
are 



— ^Qe 



'-0e 



J 0o 



,'1.0125 
50 J = 50.63 £2, 



^ o = ^ o = 50 



0.9875 

0.9875 
1.0125 



= 49.38 £2, 



'1 125 
,/^=56.69 £2, 



/0.875 

50J =44.10 £2. 

1.125 



The coupling and directivity for this coupler are plotted in Figure 7.37. 
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FIGURE 7.37 Coupling versus frequency for the three-section binomial coupler of Example 7.8. 



Generally the coupling in a coupled line coupler is too loose to achieve coupling factors of 
3 or 6 dB. One way to increase the coupling between edge-coupled lines is to use several 
lines parallel to each other, so that the fringing fields at both edges of a line contribute to the 
coupling. One of the most practical implementations of this idea is the Lange coupler [10], 
shown in Figure 7.38a, where four parallel coupled lines are used with interconnections to 
provide tight coupling. This coupler can easily achieve 3 dB coupling ratios, with an octave 
or more bandwidth. The design tends to compensate for unequal even- and odd-mode phase 
velocities, which also improves the bandwidth. There is a 90° phase difference between the 
output lines (ports 2 and 3), so the Lange coupler is a type of quadrature hybrid. The main 
disadvantage of the Lange coupler is probably practical, as the lines are very narrow and 
close together, and the required bonding wires across the lines increases complexity. This 
type of coupled line geometry is also referred to as interdigitated; such structures can also 
be used for filter circuits. 

The unfolded Lange coupler [11], shown in Figure 7.38b, operates in essentially the 
same way as the original Lange coupler but is easier to model with an equivalent circuit. 
Such an equivalent circuit consists of a four-wire coupled line structure, as shown in Fig- 
ure 7.39a. All of the lines have the same width and spacing. If we make the reasonable 
assumption that each line couples only to its nearest neighbor, and ignore more-distant 
couplings, then we effectively have a two-wire coupled line circuit, as shown in Figure 
7.39b. Then, if we can derive the even- and odd-mode characteristic impedances, Z e 4 and 
Z„4, of the four-wire circuit of Figure 7.39a in terms of Zo e and Zq 0 , the even- and odd- 
mode characteristic impedances of any adjacent pair of lines, we can apply the coupled 
line coupler results of Section 7.6 to analyze the Lange coupler. 

Figure 7.40a shows the effective capacitances between the conductors of the four-wire 
coupled line of Figure 7.39a. Unlike the two-line case of Section 7.6, the capacitances of 
the four lines to ground are different depending on whether the line is on the outside (1 and 
4), or on the inside (2 and 3). An approximate relation between these capacitances is [12] 



THE LANGE COUPLER 
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FIGURE 7.38 The Lange coupler, (a) Layout in microstrip form, (b) The unfolded Lange coupler. 



For an even-mode excitation, all four conductors in Figure 7.40a are at the same po- 
tential, so C m , has no effect, and the total capacitance of any line to ground is 



C e 4 — C ex -\- C|] 



(7.93a) 



For an odd-mode excitation, electric walls effectively exist through the middle of each C„ 
so the capacitance of any line to ground is 



C 0 4 — C ex + C m + 6C m . 
The even- and odd-mode characteristic impedances are then 

1 

Z«4 



Z 0 4 — 



V p C e 4 ' 
1 

v p C 0 \ 



(7.93b) 

(7.94a) 
(7.94b) 



where v p is the phase velocity of propagation on the line. 

Now consider any isolated pair of adjacent conductors in the four-line model; the 
effective capacitances are as shown in Figure 7.40b. The even- and odd-mode capacitances 
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FIGURE 7.39 Equivalent circuits for the unfolded Lange coupler, (a) Four-wire coupled line 
model, (b) Approximate two-wire coupled line model. 



are 



C 0 — C e x + 2C m . 



(7.95a) 
(7.95b) 



Solving (7.95) for C ex and C m , and substituting into (7.93) with the aid of (7.92) gives the 
even-odd mode capacitances of the four- wire line in terms of a two-wire coupled line: 



C e 4 = 
C„4 = 



C e (3C e + C 0 ) 
Ce ~r~ C G 

CqQCq + C e ) 
Ce ~h Cq 



(7.96a) 
(7.96b) 



Because characteristic impedances are related to capacitance as Zq = l/v p C, we can 
rewrite (7.96) to give the even/odd mode characteristic impedances of the Lange coupler in 
terms of the characteristic impedances of a two-conductor line that is identical to any pair 
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FIGURE 7.40 Effective capacitance networks for the unfolded Lange coupler equivalent cir- 
cuits of Figure 7.39. (a) Effective capacitance network for the four-wire model, 
(b) Effective capacitance network for the two-wire model. 
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of adjacent lines in the coupler: 

Zq 0 -(- Z() e 

Z e4 = — — — Z 0e , (7.97a) 

Z o4 = Z °" + Z ° e Zoo, (7.97b) 

3Zoe + Zoo 

where Zo e and Zo„ are the even- and odd-mode characteristic impedances of the two- 
conductor pair. 

Now we can apply the results of Section 7.6 to the coupler of Figure 7.39b. From 
(7.77) the characteristic impedance is 



V V QZoo + Zoe)(3Zoe + Zo„) 



and the voltage coupling coefficient is, from (7.81), 

_ Z e \ - Z o4 _ 3( Z 0e ~ Z 0o) 



Z e4 + Z o4 3 (Zl + Z\ o ) + 2Z 0e Z 0o ' 



(7.99) 



where (7.97) was used. For design purposes it is useful to invert these results to give the 
necessary even- and odd-mode impedances in terms of a desired characteristic impedance 
and coupling coefficient: 

AC - 3 + V9 - 8C 2 

Z 0e = — Z 0 , (7.100a) 

2CV(1 - C)/(l + C) 

AC + 3 - V9 - 8C 2 

Z 0o = =Z 0 . (7.100b) 

2CV(1 + C)/(l - C) 

These results are approximate because of the simplifications involved with the appli- 
cation of two-line characteristic impedances to the four-line circuit, and because of the 
assumption of equal even- and odd-mode phase velocities. In practice, however, these re- 
sults generally give sufficient accuracy. If necessary, a more complete analysis can be made 
to directly determine Z e4 and Z„4 for the four-line circuit, as in reference [13]. 



THE 180° HYBRID 

The 180° hybrid junction is a four-port network with a 180° phase shift between the two 
output ports. It can also be operated so that the outputs are in phase. With reference to the 
180° hybrid symbol shown in Figure 7.41, a signal applied to port 1 will be evenly split 
into two in-phase components at ports 2 and 3, and port 4 will be isolated. If the input is 
applied to port 4, it will be equally split into two components with a 180° phase difference 
at ports 2 and 3, and port 1 will be isolated. When operated as a combiner, with input 
signals applied at ports 2 and 3, the sum of the inputs will be formed at port 1, while the 
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FIGURE 7.41 Symbol for a 1 80° hybrid junction. 
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difference will be formed at port 4. Hence, ports 1 and 4 are referred to as the sum and 
difference ports, respectively. The scattering matrix for the ideal 3 dB 180° hybrid thus has 
the following form: 



IS] 



-J 

V2 



"0 


1 


1 


0 


1 


0 



L0 



1 0 

0 -1 

0 1 

11 0 . 



(7.101) 



The reader may verify that this matrix is unitary and symmetric. 

The 1 80° hybrid can be fabricated in several forms. The ring hybrid, or rat-race, shown 
in Figures 7.42a and 7.43, can easily be constructed in planar (microstrip or stripline) form, 
although waveguide versions are also possible. Another type of planar 180° hybrid uses 
tapered matching sections and coupled lines, as shown in Figure 7.42b. Yet another type 
is the hybrid waveguide junction, or magic-T, shown in Figure 7.42c. We will first analyze 
the ring hybrid, using an even-odd mode analysis similar to that used for the branch-line 
hybrid, and use a similar technique for the analysis of the tapered line hybrid. Then we will 
qualitatively discuss the operation of the waveguide magic-T. 




FIGURE 7.42 Three types of hybrid junctions, (a) A ring hybrid, or rat-race, in microstrip line or 
stripline form, (b) A tapered coupled line hybrid, (c) A waveguide hybrid junction, 
or magic-T. 



364 Chapter 7: Power Dividers and Directional Couplers 




IE 7.43 Photograph of a microstrip power divider network using three ring hybrids. 
Courtesy of M. D. Abouzahra, MIT Lincoln Laboratory, Lexington, Mass. 



Even-Odd Mode Analysis of the Ring Hybrid 

First consider a unit amplitude wave incident at port 1 (the sum port) of the ring hybrid of 
Figure 7.42a. At the ring junction this wave will divide into two components, which both 
arrive in phase at ports 2 and 3, and 180° out of phase at port 4. Using the even-odd mode 
analysis technique [5], we can decompose this case into a superposition of the two simpler 
circuits and excitations shown in Figure 7.44. The amplitudes of the scattered waves from 
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FIGURE 7.44 Even- and odd-mode decomposition of the ring hybrid when port 1 is excited with 
a unit amplitude incident wave, (a) Even mode, (b) Odd mode. 
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the ring hybrid will be 
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(7.102a) 
(7.102b) 
(7.102c) 
(7.102d) 



We can evaluate the required reflection and transmission coefficients defined in Figure 7.44 
using the ABCD matrix for the even- and odd-mode two-port circuits in Figure 7.44. The 
results are 
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Then with the aid of Table 4.2 we have 



r e = 



1 jy/2 

jV2 -1 

-1 jy/2' 

jV2 1 
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J_ 
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Using these results in (7.102) gives 



Bi=0, 
B 2 



V2' 



B3 



-J 

V2' 
B 4 = 0, 



(7.103a) 
(7.103b) 

(7.104a) 
(7.104b) 
(7.104c) 
(7.104d) 

(7.105a) 
(7.105b) 

(7.105c) 
(7.105d) 



which shows that the input port is matched, port 4 is isolated, and the input power is evenly 
divided and in phase between ports 2 and 3. These results form the first row and column of 
the scattering matrix in (7.101). 

Next consider a unit amplitude wave incident at port 4 (the difference port) of the 
ring hybrid of Figure 7.42a. The two wave components on the ring will arrive in phase at 
port 2 and at port 3, with a relative phase difference of 180° between these two ports. The 
two wave components will be 180° out of phase at port 1. This case can be decomposed 
into a superposition of the two simpler circuits and excitations shown in Figure 7.45. The 
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FIGURE 7.45 Even- and odd-mode decomposition of the ring hybrid when port 4 is excited with 
a unit amplitude incident wave, (a) Even mode, (b) Odd mode. 



amplitudes of the scattered waves will be 

Bi 

B 2 

Ba 

The ABCD matrices for the even- and odd-mode circuits of Figure 7.45 are 
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Then, from Table 4.2, the necessary reflection and transmission coefficients are 



r 0 = 
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(7.106a) 
(7.106b) 
(7.106c) 
(7.106d) 
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Using these results in (7.106) gives 

Bi = 0, (7.109a) 

B 2 = ^=, (7.109b) 
V2 

B 3 = ^jL, (7.109c) 
V2 

B 4 = 0, (7.109d) 

which shows that the input port is matched, port 1 is isolated, and the input power is evenly 
divided into ports 2 and 3 with a 180° phase difference. These results form the fourth row 
and column of the scattering matrix of (7.101). The remaining elements in this matrix can 
be found from symmetry considerations. 

The bandwidth of the ring hybrid is limited by the frequency dependence of the ring 
lengths, but is generally on the order of 20%-30%. Increased bandwidth can be obtained 
by using additional sections, or a symmetric ring circuit as suggested in reference [14]. 



EXAMPLE 7.9 DESIGN AND PERFORMANCE OF A RING HYBRID 

Design a 180° ring hybrid for a 50 Q system impedance, and plot the magnitude 
of the scattering parameters (Sij) from 0.5 /o to 1.5 /o, where /o is the design 
frequency. 

Solution 

With reference to Figure 7.42a, the characteristic impedance of the ring transmis- 
sion line is 

V2Z 0 = 70.7 fi, 

while the feedline impedances are 50 £2. The scattering parameter magnitudes are 
plotted versus frequency in Figure 7.46. ■ 



Even-Odd Mode Analysis of the Tapered Coupled Line Hybrid 

The tapered coupled line 180° hybrid [15], shown in Figure 7.42b, can provide an arbitrary 
power division ratio with a bandwidth of a decade or more. This hybrid is also referred to 
as an asymmetric tapered coupled line coupler. 




FIGURE 7.46 Scattering parameter magnitudes versus frequency for the ring hybrid of Exam- 
pie 7.9. 
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FIGURE 7.47 (a) Schematic diagram of the tapered coupled line hybrid, (b) The variation of 
characteristic impedances. 



The schematic circuit of this coupler is shown in Figure 7.47, with the ports numbered 
to correspond functionally to the ports of the 180° hybrids in Figures 7.41 and 7.42. The 
coupler consists of two coupled lines with tapering characteristic impedances over the 
length 0 < z < L. At z — 0 the lines are very weakly coupled, so that Zo«(0) = Zo 0 (0) = 
Zo, while at z — L the coupling is such that Zo e (L) = Zo/k and Zq 0 {L) — kZo, where 
0 < k < 1 is a coupling factor that will be related to the voltage coupling factor. The even 
mode of the coupled line thus matches a load impedance of Zo/k (at z — L) to Zq, while 
the odd mode matches a load of kZo to Zo; note that Zo e (z)Zo 0 (z) — Zq for all z. The 
Klopfenstein taper is generally used for these tapered matching lines. For L < z < 2L the 
lines are uncoupled, and both have a characteristic impedance Zo; these lines are required 
for phase compensation of the coupled line section. The length of each section, 6 = /3L, 
must be the same, and they should be electrically long to provide a good impedance match 
over the desired bandwidth. 

First consider an incident voltage wave of amplitude Vo applied to port 4, the differ- 
ence input. This excitation can be reduced to the superposition of an even-mode excitation 
and an odd-mode excitation, as shown in Figures 7.48a and 7.48b, respectively. At the 
junctions of the coupled and uncoupled lines (z = L), the reflection coefficients seen by 
the even or odd modes of the tapered lines are 

Zo — Zn/k k — 1 

r < = rar*Tr (7 - 110a) 

Zo — kZo 1 — k 

r'=— — — - = . (7.110b) 

0 Z Q + kZ Q l+k 

At z — 0 these coefficients are transformed to 

r e =- -e~ 2je , (7.111a) 



k+\ 
l-k 
\ + k l 



T 0 =\ ye' 2 ' 6 . (7.111b) 
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FIGURE 7.48 Excitation of the tapered coupled line hybrid, (a) Even-mode excitation, (b) Odd- 
mode excitation. 



Then by superposition the scattering parameters of ports 2 and 4 are as follows: 

1 



S44 = -(r e + r c ) = 0, 

1 k- 1 

S24 = ~(r e - r 0 ) = — — -< 

2 K + 1 



(7.112a) 
(7.112b) 



By symmetry, we also have that S22 — 0 and S42 = $24- 

To evaluate the transmission coefficients into ports 1 and 3, we will use the ABCD 
parameters for the equivalent circuits shown in Figure 7.49, where the tapered matching 
sections have been assumed to be ideal, and replaced with transformers. The ABCD matrix 
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FIGURE 7.49 Equivalent circuits for the tapered coupled line hybrid, for transmission from port 4 
to port 3. (a) Even-mode case, (b) Odd-mode case. 
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of the transmission line-transformer-transmission line cascade can be found by multiply- 
ing the three individual ABCD matrices for these components, but it is easier to use the fact 
that the transmission line sections affect only the phase of the transmission coefficients. 
The ABCD matrix of the transformer is, for the even mode, 

Vk 0 
0 l/Vk 

and for the odd mode is 

1/VSk 0 
0 Vk 

Then the even- and odd-mode transmission coefficients are 

2y/k 



T e = T 0 



k+l 



-2je 



(7.113) 



since T = 2/ (A + B/Z Q + CZ Q + D) = 2Vk/(k + 1) for both modes; the e~ 2j8 factor 
accounts for the phase delay of the two transmission line sections. We can then evaluate 
the following scattering parameters: 



534 = l(T e + T 0 ) 
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T 0 ) = 0. 

The voltage coupling factor from port 4 to port 3 is 

2*fk 

|S 3 4l = 7^T' O<0<1, 



* + r 

while the voltage coupling factor from port 4 to port 2 is 

k-l 



1 



0 < a < 1. 



(7.114a) 
(7.114b) 

(7.115a) 
(7.115b) 



a = \S 2 4\ = 

Power conservation is verified by the fact that 

|5 2 4| 2 +|5 3 4| 2 = « 2 + ^ 2 = 1. 

If we now apply even- and odd-mode excitations at ports 1 and 3, so that superpo- 
sition yields an incident voltage wave at port 1, we can derive the remaining scattering 
parameters. With a phase reference at the input ports, the even- and odd-mode reflection 
coefficients at port 1 will be 
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Then we can calculate the following scattering parameters: 
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(7.116a) 
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(7.117b) 
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From symmetry we have that S33 = 0, S13 = 531, and S14 = S32, S12 = S34. The ta- 
pered coupled line 180° hybrid thus has the following scattering matrix: 
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(7.118) 



Waveguide Magic-T 

The waveguide magic-T hybrid junction of Figure 7.42c has terminal properties similar 
to those of the ring hybrid, and a scattering matrix similar in form to (7.101). A rigorous 
analysis of this junction is too complicated to present here, but we can explain its operation 
in a qualitative sense by considering the field lines for excitations at the sum and difference 
ports. 

First consider a TE10 mode incident at port 1 . The resulting E y field lines are illus- 
trated in Figure 7.50a, where it is seen that there is an odd symmetry about guide 4. Because 
the field lines of a TE10 mode in guide 4 would have even symmetry, there is no coupling 
between ports 1 and 4. There is identical coupling to ports 2 and 3, however, resulting in 
an in-phase, equal-split power division. 

For a TE10 mode incident at port 4, the field lines are as shown in Figure 7.50b. Again 
ports 1 and 4 are decoupled, due to symmetry (or reciprocity). Ports 2 and 3 are excited 
equally by the incident wave, but with a 180° phase difference. 

In practice, tuning posts or irises are often used for matching; such components must 
be placed symmetrically to maintain proper operation of the hybrid. 
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FIGURE 7.50 Electric field lines for a waveguide hybrid junction, (a) Incident wave at port 1. 
(b) Incident wave at port 4. 
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FIGURE 7.51 The Moreno crossed-guide coupler. 



7.9 



OTHER COUPLERS 



Although we have discussed the general properties of couplers and have analyzed and 
derived design data for several of the most frequently used couplers, there are many other 
types that we have not treated in detail. In this section we will briefly describe some of 
these. 

Moreno crossed-guide coupler: This is a waveguide directional coupler consisting of two 
waveguides at right angles, with coupling provided by two apertures in the common broad 
wall of the guides. See Figure 7.51. By proper design [16], the two wave components ex- 
cited by these apertures can be made to cancel in the back direction. The apertures usually 
consist of crossed slots, in order to couple tightly to the fields of both guides. 

Schwinger reversed-phase coupler: This waveguide coupler is designed so that the path 
lengths for the two coupling apertures are the same for the uncoupled port, so that the 
directivity is essentially independent of frequency. Cancellation in the isolated port is ac- 
complished by placing the slots on opposite sides of the centerline of the waveguide walls, 
as shown in Figure 7.52, which couple to magnetic dipoles with a 180° phase difference. 
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FIGURE 7.52 The Schwinger reversed-phase coupler. 
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Coupled Through 




Isolated Input 
FIGURE 7.53 The Riblet short-slot coupler. 



The kg/4 slot spacing leads to in-phase combining at the coupled (backward) port, but 
this coupling is very frequency sensitive. This is the opposite situation from that of the 
multihole waveguide coupler discussed in Section 7.4. 

Riblet short-slot coupler. This coupler, shown in Figure 7.53, consists of two waveguides 
with a common sidewall. Coupling takes place in the region where part of the common 
wall has been removed. In this region both the TEio (even) and the TE20 (odd) modes are 
excited, and by proper design can be made to cause cancellation at the isolated port and 
addition at the coupled port. The width of the interaction region must be small enough to 
prevent propagation of the undesired TE30 mode. This coupler can usually be made smaller 
than other waveguide couplers. 

Symmetric tapered coupled line coupler. We saw that a continuously tapered transmission 
line matching transformer was the logical extension of the multisection matching trans- 
former. Similarly, the multisection coupled line coupler can be extended to a continuous 
taper, yielding a coupled line coupler with good bandwidth characteristics. Such a coupler 
is shown in Figure 7.54. Generally, both the conductor width and separation can be adjusted 
to provide a synthesized coupling or directivity response. One way to do this involves the 
computer optimization of a stepped-section approximation to the continuous taper [17]. 
This coupler provides a 90° phase shift between the outputs. 

Couplers with apertures in planar lines: Many of the above-mentioned waveguide couplers 
can also be fabricated with planar lines such as microstrip line, stripline, dielectric image 
lines, or various combinations of these. Some possibilities are illustrated in Figure 7.55. 
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FIGURE 7.55 



Various aperture coupled planar line couplers, (a) Microstrip-to-microstrip cou- 
pler, (b) Microstrip-to-waveguide coupler, (c) Microstrip-to-dielectric image line 
coupler. 




In principle, the design of such couplers can be carried out using the small-hole coupling 
theory and analysis techniques used in this chapter. The evaluation of the fields of planar 
lines, however, is usually much more complicated than for rectangular waveguides. 



POINT OF INTEREST: The Reflectometer 

A reflectometer is a circuit that uses a directional coupler to isolate and sample the incident and 
reflected powers from a load. It is a key component in a scalar or vector network analyzer, as it 
can be used to measure the reflection coefficient of a one-port network and, in a more general 
configuration, the scattering parameters of a two-port network. It can also be used as an SWR 
meter, or as a power monitor in systems applications. 

The basic reflectometer circuit shown on the left in the accompanying figure can be used 
to measure the reflection coefficient magnitude of an unknown load. If we assume a reasonably 
matched coupler with loose coupling (C <g 1), so that \f\ — C 2 ~ 1, then the circuit can be 
represented by the signal flow graph shown on the right in the accompanying figure. In opera- 
tion, the directional coupler provides a sample, V ( - , of the incident wave, and a sample, V r , of 
the reflected wave. A ratio meter with an appropriately calibrated scale can then measure these 
voltages and provide a reading in terms of reflection coefficient magnitude, or SWR. 




References 375 



Realistic directional couplers, however, have finite directivity, which means that both inci- 
dent and reflected powers will contribute to both V; and V r , leading to an error. If we assume 
a unit incident wave from the source, inspection of the signal flow graph leads to the following 
expressions for V; and V r : 

Vi =c+^re> e , 
v r = — + cre^, 

where T is the reflection coefficient of the load, D — 10^ dB /20) is the numerical directivity of 
the coupler, and 8, <f> are the unknown phase delays through the circuit. Then the maximum and 
minimum values of the magnitude of V r /Vi can be written as 

1 

Yl 

Vi 

For a coupler with infinite directivity this reduces to the desired result of | T \ . Otherwise a 
measurement uncertainty of approximately ±l/£> is introduced. Good accuracy thus requires a 
coupler with high directivity, preferably greater than 40 dB. 
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PROBLEMS 



7.1 Write the scattering matrix for a nonideal symmetric hybrid coupler in terms of the coupler param- 
eters, C, D, I, and L, as defined in (7.20). Repeat for a nonideal antisymmetric hybrid coupler. 
Assume that the couplers are matched at all ports. 

7.2 A 20 dBm power source is connected to the input of a directional coupler having a coupling factor of 
20 dB, a directivity of 35 dB, and an insertion loss of 0.5 dB. If all ports are matched, find the output 
powers (in dBm) at the through, coupled, and isolated ports. 

7.3 A directional coupler has the scattering matrix given below. Find the return loss, coupling factor, 
directivity, and insertion loss. Assume that the ports are terminated in matched loads. 



IS] 



0.1Z40° 0.944/90° 
0.944/90° 0.1/40° 

0.178/180° 0.0056/90° 

0.0056/90° 0.178/180° 



0.178/180° 0.0056/90° 

0.0056/90° 0.178/180° 

0.1/40° 0.944/90° 
0.944/90° 0.1/40° 



7.4 Two identical 90° couplers with C = 8.34 dB are connected as shown below. Find the resulting phase 
and amplitudes at ports 2' and 3', relative to port 1. 




7.5 Consider the T-junction of three lines with characteristic impedances Zj, Z2, and Z3, as shown 
below. Demonstrate that it is impossible for all three lines to be matched when looking toward the 
junction. 




7.6 Design a lossless T-junction divider with a 30 Q source impedance to give a 3:1 power split. Design 
quarter- wave matching transformers to convert the impedances of the output lines to 30 Q. Determine 
the magnitude of the scattering parameters for this circuit, using a 30 £2 characteristic impedance. 

7.7 Consider the T and it resistive attenuator circuits shown below. If the input and output are matched 
to Zq, and the ratio of output voltage to input voltage is a, derive the design equations for R\ and R2 
for each circuit. If Zq = 50 fi, compute R\ and R2 for 3, 10, and 20 dB attenuators of each type. 
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7.8 Design a three-port resistive divider for an equal power split and a 100 Q system impedance. If port 3 
is matched, calculate the change in output power at port 3 (in dB) when port 2 is connected first to a 
matched load, and then to a load having a mismatch of T = 0.3. See the figure below. 
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r=0or~0~3 < 
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© 



7.9 Consider the general resistive divider shown below. For an arbitrary power division ratio a — P2/P3, 
derive expressions for the resistors R2, and R3, and the output characteristic impedances Z Q 2 
and Z 0 3 so that all ports are matched, assuming the source impedance is Zq. 




7.10 Design a Wilkinson power divider with a power division ratio of P3 /P2 = 1/3 and a source imped- 
ance of 50 fi. 

7.11 Derive the design equations in (7.37a)-(7.37c) for the unequal-split Wilkinson divider. 

7.12 For the Bethe hole coupler of the type shown in Figure 7.16a, derive a design for s so that port 3 is 
the isolated port. 

7.13 Design a Bethe hole coupler of the type shown in Figure 7.16a for a Ku-band waveguide operating 
at 1 1 GHz. The required coupling is 20 dB. 

7.14 Design a Bethe hole coupler of the type shown in Figure 7.16b for a Ku-band waveguide operating 
at 17 GHz. The required coupling is 30 dB. 

7.15 Design a five-hole directional coupler in a Ku-band waveguide with a binomial directivity response. 
The center frequency is 17.5 GHz, and the required coupling is 20 dB. Use round apertures centered 
across the broad wall of the waveguides. 

7.16 Repeat Problem 7.14 for a design with a Chebyshev response, having a minimum directivity of 30 dB. 

7.17 Develop the necessary equations required to design a two-hole directional coupler using two wave- 
guides with apertures in a common sidewall, as shown below. 
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7.18 Consider the general branch-line coupler shown below, with shunt arm characteristic impedances 
Z fl and series arm characteristic impedances Z},. Using an even-odd mode analysis, derive design 
equations for a quadrature hybrid coupler with an arbitrary power division ratio of a — P^JPj,, and 
with the input port (port 1) matched. Assume all arms are A./4 long. Is port 4 isolated, in general? 



Pi ® z 0 Z b Z 0 © P 2 



® 



CD 



7.19 An edge-coupled stripline with a ground plane spacing of 2.0 mm and a dielectric constant of 4.2 has 
strip widths of 0.6 mm and a separation of 0.2 mm between the edges of the strips. Use the graph of 
Figure 7.29 to find the resulting even- and odd-mode characteristic impedances. If possible, compare 
your results to those obtained from a microwave CAD tool. 

7.20 A coupled microstrip line is to be designed for a substrate having a thickness of 2.0 mm and dielectric 
constant of 10.0. The required even- and odd-mode characteristic impedances are 133 £2 and 71.5 £2, 
respectively. Use the graph of Figure 7.30 to find the required line widths and separation. If possible, 
compare your results to those obtained from a microwave CAD tool. 

7.21 Repeat the derivation in Section 7.6 for the design equations of a single-section coupled line coupler 
using reflection and transmission coefficients instead of voltages and currents. 

7.22 Design a single-section coupled line coupler with a coupling of 19.1 dB, a system impedance of 
60 £2, and a center frequency of 8 GHz. If the coupler is to be made in stripline (edge-coupled), with 
e r = 2.2 and b = 0.32 cm, find the necessary strip widths and separation. 

7.23 Repeat Problem 7.22 for a coupling factor of 5 dB. Is this a practical design? 

7.24 Derive Equations (7.83) and (7.84). 

7.25 A 20-dB three-section coupled line coupler is required to have a maximally flat coupling response 
with a center frequency of 3 GHz and Zq = 50 £2. (a) Design the coupler and find Zq s and Zq 0 
for each section. Use CAD to plot the resulting coupling (in dB) from 1 to 5 GHz. (b) Lay out 
the microstrip implementation of the coupler on an FR4 substrate having e r = 4.2, d = 0.158 cm, 
and tan <5 = 0.02, with copper conductors 0.5 mil thick. Use CAD to plot the insertion loss versus 
frequency. 

7.26 Repeat Problem 7.25 for a coupler with an equal-ripple coupling response, where the ripple in the 
coupling is 1 dB over the passband. 

7.27 For the Lange coupler, derive the design equations (7.100) for Zo e and Zq 0 from (7.98) and (7.99). 

7.28 Design a 3 dB Lange coupler for operation at 5 GHz. If the coupler is to be fabricated in microstrip 
on an alumina substrate with e r = 10 and d = 1.0 mm, compute ZQ e and Zq„ for the two adjacent 
lines, and find the necessary spacing and widths of the lines. 

7.29 An input signal Vj is applied to the sum port of a 180° hybrid, and another signal V4 is applied to 
the difference port. What are the output signals? 
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7.30 Calculate the even- and odd-mode characteristic impedances for a tapered coupled line 180° hybrid 
coupler with a 3 dB coupling ratio and a 50 £2 characteristic impedance. 

7.31 Find the scattering parameters for the four-port Bagley polygon power divider shown below. 




7.32 For the symmetric hybrid shown below, calculate the output voltages if port 1 is fed with an incident 
wave of 1 Z0 V. Assume that the outputs are matched. 




7.33 The Bailey unequal-split power divider uses a 90° hybrid coupler and a T-junction, as shown below. 
The power division ratio is controlled by adjusting the feed position, a, along the transmission line of 
length b that connects ports 1 and 4 of the hybrid. A quarter- wave transformer of impedance Zrj/\/2 
is used to match the input of the divider, (a) For b = A./4, show that the output power division ratio 
is given by P3/P2 — tan 2 (n a /2b). (b) Using a branch-line hybrid with Zq — 50 Q, design a power 
divider with a division ratio of P3/P2 = 0.5, and plot the resulting input return loss and transmission 
coefficients versus frequency. 




Chapter Eight 



Microwave Filters 



A filter is a two-port network used to control the frequency response at a certain point 
in an RF or microwave system by providing transmission at frequencies within the passband 
of the filter and attenuation in the stopband of the filter. Typical frequency responses include 
low-pass, high-pass, bandpass, and band-reject characteristics. Applications can be found in 
virtually any type of RF or microwave communication, radar, or test and measurement system. 

The development of filter theory and practice began in the years preceding World War II by 
pioneers such as Mason, Sykes, Darlington, Fano, Lawson, and Richards. The image parame- 
ter method of filter design was developed in the late 1930s and was useful for low-frequency 
filters in radio and telephony. In the early 1950s a group at Stanford Research Institute, consist- 
ing of G. Matthaei, L. Young, E. Jones, S. Cohn, and others, became very active in microwave 
filter and coupler development. A voluminous handbook on filters and couplers resulted from 
this work and remains a valuable reference [1]. Today, most microwave filter design is done 
with sophisticated computer-aided design (CAD) packages based on the insertion loss method. 
Because of continuing advances in network synthesis with distributed elements, the use of low- 
temperature superconductors and other new materials, and the incorporation of active devices 
in filter circuits, microwave filter design remains an active research area. 

We begin our discussion of filter theory and design with the frequency characteristics of 
periodic structures, which consist of a transmission line or waveguide periodically loaded with 
reactive elements. These structures are of interest in themselves because of their application 
to slow-wave components and traveling-wave amplifier design, and also because they exhibit 
basic passband-stopband responses that lead to the image parameter method of filter design. 

Filters designed using the image parameter method consist of a cascade of simpler two- 
port filter sections to provide the desired cutoff frequencies and attenuation characteristics but 
do not allow the specification of a particular frequency response over the complete operating 
range. Thus, although the procedure is relatively simple, the design of filters by the image 
parameter method often must be iterated many times to achieve the desired results. 

A more modern procedure, called the insertion loss method, uses network synthesis tech- 
niques to design filters with a completely specified frequency response. The design is simplified 
by beginning with low-pass filter prototypes that are normalized in terms of impedance and 
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frequency. Transformations are then applied to convert the prototype designs to the desired 
frequency range and impedance level. 

Both the image parameter and insertion loss methods of filter design lead to circuits using 
lumped elements (capacitors and inductors). For microwave applications such designs usually 
must be modified to employ distributed elements consisting of transmission line sections. The 
Richards transformation and the Kuroda identities provide this step. We will also discuss trans- 
mission line filters using stepped impedances and coupled lines; filters using coupled resonators 
will also be briefly described. 

The subject of microwave filters is quite extensive due to the importance of these compo- 
nents in practical systems and the wide variety of possible implementations. Here we can treat 
only the basic principles and some of the more common filter designs, and we refer the reader 
to references such as [1-4] for further discussion. 



PERIODIC STRUCTURES 

An infinite transmission line or waveguide periodically loaded with reactive elements is 
an example of a periodic structure. As shown in Figure 8.1, periodic structures can take 
various forms, depending on the transmission line media being used. Often the loading 
elements are formed as discontinuities in the line itself, but in any case they can be modeled 
as lumped reactances in shunt (or series) on a transmission line, as shown in Figure 8.2. 
Periodic structures support slow-wave propagation (slower than the phase velocity of the 




(b) 

FIGURE 8.1 Examples of periodic structures, (a) Periodic stubs on a microstrip line, (b) Periodic 
diaphragms in a waveguide. 
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FIGURE 8.2 Equivalent circuit of a periodically loaded transmission line. The unloaded line has 
characteristic impedance Zq and propagation constant k. 



unloaded line), and have passband and stopband characteristics similar to those of filters; 
they find application in traveling-wave tubes, masers, phase shifters, and antennas. 



Analysis of Infinit Periodic Structures 

We first consider the propagation characteristics of the infinite loaded line shown in Fig- 
ure 8.2. Each unit cell of this line consists of a length, d, of transmission line with a shunt 
susceptance across the midpoint of the line; the susceptance, b, is normalized to the char- 
acteristic impedance, Zq. If we consider the infinite line as being composed of a cascade 
of identical two-port networks, we can relate the voltages and currents on either side of the 
nth unit cell using the ABCD matrix: 



~v„~ 




'A 


B ' 




' v n+l ' 


Jn. 




C 


D 







(8.1) 



where A, B,C, and D are the matrix parameters for a cascade of a transmission line section 
of length d/2, a shunt susceptance b, and another transmission line section of length d/2. 
From Table 4. 1 we then have, in normalized form, 



A B 
C D 
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j sin — 
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j sin - 
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0 



J sin- 



jsin 



cos - 



/ I sin 9 -\ — cos 9 — 

J V 2 : 

^ ^cos 9 — — sin 9^j 



(8.2) 



where 9 — kd, and k is the propagation constant of the unloaded line. The reader can verify 
that AD — BC — 1, as required for reciprocal networks. 

For a wave propagating in the +z direction, we must have 



V{z) = V(0)e~ yz , 
I(z) = I(Q)e-y\ 



(8.3a) 
(8.3b) 



for a phase reference at z — 0. Since the structure is infinitely long, the voltage and current 
at the nth terminals can differ from the voltage and current at the n + 1 terminals only by 
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the propagation factor, e yd . Thus, 



V n+ i = V„e-Y d , 
I n+ l = I n e-Y d . 



(8.4a) 
(8.4b) 



Using this result in (8.1) gives the following: 



~v n ~ 




'A 


B ' 




' v n+1 ' 




'Vn+\e Yd ~ 






C 


D 








_ In+xeY d _ 



or 



A-e yd B 

c D-e yd 



In + l 



0. 



For a nontrivial solution, the determinant of the above matrix must vanish: 
AD + e 2yd - (A + D)e yd - BC = 0, 

or, since AD — BC — 1, 

1 + e 2yd — (A + D)e yd 



(8.5) 



(8.6) 



e -yd + e yd 



cosh yd 



0, 

A + D, 
A + D 



cos 9 sin0, 

2 



where (8.2) was used for the values of A and D. Now, if y — a + jfi, we have that 

b 

cosh yd — cosh ad cos fid + j sinh ad sin fid — cos 6 — - sin 0 . 



(8.7) 



(8.8) 



Since the right-hand side of (8.8) is purely real, we must have either a — 0 or /J = 0. 

Case 1: a — 0, fi ^ 0. This case corresponds to a nonattenuated propagating wave on the 
periodic structure, and defines the passband of the structure. Equation (8.8) reduces to 

b 



cos [id 



cos( 



sin#, 



(8.9a) 



which can be solved for /j if the magnitude of the right-hand side is less than or equal to 
unity. Note that there are an infinite number of values of ft that can satisfy (8.9a). 

Case 2: a ^ 0, — 0, n. In this case the wave does not propagate, but is attenuated along 
the line; this defines the stopband of the structure. Because the line is lossless, power is not 
dissipated, but is reflected back to the input of the line. The magnitude of (8.8) reduces to 



cosh ad — 



cos# 



b 



sin# 



> 1, 



(8.9b) 



which has only one solution (a > 0) for positively traveling waves; a < 0 applies for nega- 
tively traveling waves. If cos 9 — (b/2) sin (9 < —1, (8.9b) is obtained from (8.8) by letting 
P = Jt; then all the lumped loads on the line are A/2 apart, yielding an input impedance 
the same as if — 0. 

Thus, depending on the frequency and normalized susceptance values, the periodically 
loaded line will exhibit either passbands or stopbands, and so can be considered as a type 
of filter. It is important to note that the voltage and current waves defined in (8.3) and (8.4) 
are meaningful only when measured at the terminals of the unit cells, and do not apply to 
voltages and currents that may exist at points within a unit cell. These waves are similar to 
the elastic waves (Block waves) that propagate through periodic crystal lattices. 
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Besides the propagation constant of the waves on the periodically loaded line, we 
will also be interested in the characteristic impedance for these waves. We can define a 
characteristic impedance at the unit cell terminals as 

Z B = Z 0 ^, (8.10) 

Vn 

since V n+ i and I n+ \ in the above derivation were normalized quantities. This impedance 
is also referred to as the Block impedance. From (8.5) we have that 

(A-eY d )V n+l +BI n+l =0, 

so (8.10) yields 

-BZ 0 

From (8.6) we can solve for e yd in terms of A and D as follows: 

yd _ (A + D) ± V(A + D) 2 — 4 
6 ~ 2 
Then the Bloch impedance has two solutions given by 

T ± _ —2BZq 

A- D=fV(A + D) 2 -A 

For symmetric unit cells (as assumed in Figure 8.2) we will always have A = D. In this 
case (8.11) reduces to 

Z% = ; (8.12) 

The ± solutions correspond to the characteristic impedance for positively and negatively 
traveling waves, respectively. For symmetric networks these impedances are the same ex- 
cept for the sign; the characteristic impedance for a negatively traveling wave is negative 
because we have defined /„ in Figure 8.2 as always being in the positive direction. 

From (8.2) we see that B is always purely imaginary. If a = 0, B ^ 0 (passband), then 
(8.7) shows that cosh yd — A < 1 (for symmetric networks), and (8.12) shows that Zg will 
be real. If a ^ 0, B = 0 (stopband), then (8.7) shows that coshy<i = A > 1, and (8.12) 
shows that Z# is imaginary. This situation is similar to that for the wave impedance of a 
waveguide, which is real for propagating modes and imaginary for cutoff, or evanescent, 
modes. 

Terminated Periodic Structures 

Next consider a truncated periodic structure terminated in a load impedance Zi, as shown 
in Figure 8.3. At the terminals of an arbitrary unit cell, the incident and reflected voltages 



Z± = - — . (8.11) 




FIGURE 8.3 A periodic structure terminated in a normalized load impedance Zi . 
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and currents can be written as (assuming operation in the passband) 

V„ = V+e-jP" d + V-e^ nd (8.13a) 

/„ = I+e~ jlind + I-e jfind = ^L e -i pnd + \ e jfind (8.13b) 

Z B Z B 

where we have replaced yz in (8.3) with jfind since we are interested only in terminal 
quantities. 

Now define the following incident and reflected voltages at the nth unit cell: 

V+ = V+e- jpnd (8.14a) 

y- = V~e Wnd (8.14b) 



Then (8.13) can be written as 



V„ = V+ + V~, (8.15a) 
y+ y- 

In = ^ + ^. (8.15b) 
L B L B 



At the load, where n — N, we have 



Vn = V+ + V„ =Z L I N = Z L l^ f +^\, (8.16) 

\ Z B Z B / 

and the reflection coefficient at the load can be found as 

v~ z L /z+ - 1 
r = ^ = ^—B — _ (817) 

V+ Z L /Z~ - 1 

If the unit cell network is symmetric (A — D), then Zg = — = Zg, which reduces 
(8.17) to the familiar result 

Zr — Zb 

r = — -. (8.18) 

Zl + Z b 

In order to avoid reflections on the terminated periodic structure we must have Zl — 
Zb, which is real for a lossless structure operating in a passband. If necessary, a quarter- 
wave transformer can be used between the periodically loaded line and the load. 



k-(l Diagrams and Wave Velocities 

When studying the passband and stopband characteristics of a periodic structure, it is useful 
to plot the propagation constant, /j, versus the propagation constant of the unloaded line, 
k (or «). Such a graph is called a k-/3 diagram, or Brillouin diagram, after L. Brillouin, a 
physicist who studied wave propagation in periodic crystal structures. 

The k-fi diagram can be plotted from (8.9a), which is the dispersion relation for a 
general periodic structure. In fact, a k-/3 diagram can be used to study the dispersion char- 
acteristics of many types of microwave components and transmission lines. For instance, 
consider the dispersion relation for a waveguide mode: 

P = yjk 2 -k}, or k = yjp 2 +kl, (8.19) 

where k c is the cutoff wave number of the mode, k is the free-space wave number, and fi 
is the propagation constant of the mode. Relation (8.19) is plotted in the k-fi diagram of 
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Slope = v g lc 
Slope = v p lc 



FIGURE 8.4 k-fi diagram for a waveguide mode. 



Figure 8.4. For values of k < k c there is no real solution for /3, so the mode is nonpropa- 
gating. For k > k c the mode propagates, and k approaches ji for large values of fi (TEM 
propagation). 

The k-fi diagram is also useful for interpreting the various wave velocities associated 
with a dispersive structure. The phase velocity is 

on k 

v P = ^=c-, (8.20) 



which is seen to be equal to c (speed of light) times the slope of the line from the origin to 
the operating point on the k-fi diagram. The group velocity is 



dca dk 
8 dp dp 



(8.21) 




which is the slope of the k-ft curve at the operating point. Thus, referring to Figure 8.4, 
we see that the phase velocity for a propagating waveguide mode is infinite at cutoff and 
approaches c (from above) as k increases. The group velocity, however, is zero at cutoff and 
approaches c (from below) as k increases. We finish our discussion of periodic structures 
with a practical example of a capacitively loaded line. 



EXAMPLE 8.1 ANALYSIS OF A PERIODIC STRUCTURE 

Consider the periodic capacitively loaded line shown in Figure 8.5 (such a line 
may be implemented as in Figure 8.1, with short capacitive stubs). If Zq — 50 Q, 
d — 1.0 cm, and Co = 2.666 pF, sketch the k-fi diagram and compute the prop- 
agation constant, phase velocity, and Bloch impedance at / = 3.0 GHz. Assume 
k — kQ. 



Z n , k 



FIGURE 8.5 A capacitively loaded line. 
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Solution 

We can rewrite the dispersion relation of (8.9a) as 



cos fid — cos kod — I ) kodsinkod. 

\ 2d ) 

Then 

3 x 10 8 ) 2 o 



2d 2(0.01) 
so we have 



cos fid = cos kod — 2k§d sin kod. 

The most straightforward way to proceed at this point is to numerically evaluate 
the right-hand side of the above equation for a set of values of kod starting at zero. 
When the magnitude of the right-hand side is unity or less, we have a passband and 
can solve for fid. Otherwise we have a stopband. Calculation shows that the first 
passband exists for 0 < kod < 0.96. The second passband does not begin until 
the sin kod term changes sign at kod — n. As kod increases, an infinite number 
of passbands are possible, but they become narrower. Figure 8.6 shows the k-fi 
diagram for the first two passbands. 
At 3.0 GHz, we have 

= 2n{3 x 10 ) = = 
3 x 10 8 

so fid — 1.5 and the propagation constant is /J = 150 rad/m. The phase velocity 
is 

k Q c 0.6283 

Vp = T^ ^ C = 0 ' 

which is much less than the speed of light, indicating that this is a slow-wave 
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8.2 



structure. To evaluate the Bloch impedance, we use (8.2) and (8.12): 
2 2 

e = k 0 d = 36°, 
b 

A = cosO - - sin (9 = 0.0707, 



( b b\ 
B — j (sin (9 + -cos 9 - - 1 = ;0.3479. 



Then, 



z B = * z ° - =llAQ 

~JA 2 - 1 jy/l - (0.0707) 2 



FILTER DESIGN BY THE IMAGE PARAMETER METHOD 

The image parameter method of filter design involves the specification of passband and 
stopband characteristics for a cascade of simple two-port networks, and so is related in con- 
cept to the periodic structures of Section 8.1. The method is relatively simple but has the 
disadvantage that an arbitrary frequency response cannot be incorporated into the design. 
This is in contrast to the insertion loss method, which is the subject of the following section. 
Nevertheless, the image parameter method is useful for simple filters, and it provides a link 
between infinite periodic structures and practical filter design. The image parameter method 
also finds application in solid-state traveling-wave amplifier design. 



Image Impedances and Transfer Functions for Two-Port Networks 

We begin with definitions of the image impedances and voltage transfer function for an 
arbitrary reciprocal two-port network; these results are required for the analysis and design 
of filters by the image parameter method. 

Consider the arbitrary two-port network shown in Figure 8.7, where the network is 
specified by its ABCD parameters. Note that the reference direction for the current at port 2 
has been chosen according to the convention for ABCD parameters. The image impedances, 
Z, i and Z,2, are defined for this network as follows: 

Z, i = input impedance at port 1 when port 2 is terminated with Z, 2 
Z,2 = input impedance at port 2 when port 1 is terminated with Z ; i . 

Thus both ports are matched when terminated in their image impedances. We can derive 
expressions for the image impedances in terms of the ABCD parameters of the network. 
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FIGURE 8.7 A two-port network terminated in its image impedances. 
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The port voltages and currents are related as 

V l =AV 2 + BI 2 , (8.22a) 
/! = CV 2 + DI 2 . (8.22b) 
The input impedance at port 1, with port 2 terminated in Zj 2 , is 

Vi AV 2 + BI 2 AZ i2 + B 



j inl 



(8.23) 



h CV 2 + DI 2 CZ i2 + D' 
since V 2 = Z i2 I 2 . 

Now solve (8.22) for V 2 , h by inverting the ABCD matrix. Since AD - BC — 1 for 
a reciprocal network, we obtain 

V 2 = DVi-Bh, (8.24a) 
I 2 = -CV 1 +AI 1 . (8.24b) 
Then the input impedance at port 2, with port 1 terminated in Z,-i , can be found as 

Zin2= Z^ = _^~^ = DZn + B 
h -CVi+Ah CZn+A 

since V\ — —Zi\I\ (circuit of Figure 8.7). 

We desire that Z; n i = Z,i and Z; n 2 = Z- l2 , so (8.23) and (8.25) give two equations for 
the image impedances: 

Z n (CZ i2 + D) = AZ i2 + B, (8.26a) 
Z n D- B = Z i2 (A-CZ n ). (8.26b) 

Solving for Z,i and Z,2 gives 



a/ cd' (8 ' 27a) 



BD 

Z i2 = ^ — , (8.27b) 

with Z,2 = DZn I A. If the network is symmetric, then A = D and Z,i = Z ; 2 as expected. 

Now consider the voltage transfer function for a two-port network terminated in its 
image impedances. With reference to Figure 8.8 and (8.24a), the output voltage at port 2 
can be expressed as 

V 2 = DVi - Bh = (d - Vi (8.28) 




FIGURE 8.8 A two-port network terminated in its image impedances and driven with a voltage 
generator. 
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(since we now have V\ — hZn), so the voltage ratio is 

V 2 



B CD D , 

= D = D-BJ = J—(VaD 

Vi Z/i V AB U l 



>BC). 



Similarly, the current ratio is 



4- = -C-^ + A = -CZn+A 
h h 



-WAD - VBC). 



(8.29a) 



(8.29b) 



The factor ^/D/A occurs in reciprocal positions in (8.29a) and (8.29b), and so can be 
interpreted as a transformer turns ratio. Apart from this factor, we can define a propagation 
factor for the network as 



= y/AD 



>BC, 



(8.30) 



with y — a + j/3 as usual. Since 



e v = 1/(VAD - VBC) = (AD - BC)/(WAD - VBC) = VAD + VBC 
and cosh y — (e Y + e~ y )/2, we also have that 

cosh y — V AD. 



(8.31) 



Two important types of two-port networks are the T and it circuits, which can be 
made in symmetric form. Table 8.1 lists the image impedances and propagation factors, 
along with other useful parameters, for these two networks. 



Constant-lr Filter Sections 



We can now develop low-pass and high-pass filter sections. First consider the T-network 
shown in Figure 8.9. Intuitively, we can see that this is a low-pass filter network because 
the series inductors and shunt capacitor tend to block high-frequency signals while passing 
low-frequency signals. Comparing with the results given in Table 8.1, we have Z\ = jcoL 
and Z2 = 1 /ja>Q so the image impedance is 



Z iT = 

If we define a cutoff frequency, co c , as 




(8.32) 



(8.33) 



LI2 



L/2 



L 



d=C/2 



d= C/2 



(a) (b) 
FIGURE 8.9 Low-pass constant-fc filter sections in T and tt forms, (a) T-section. (b) it -section. 
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and a nominal characteristic impedance, Rq, as 



R 0 =J^= k, (8.34) 



where k is a constant, then we can rewrite (8.32) as 



Z iT =R 0 il-—. (8.35) 



Then Z,t = Ro for a> — 0. 

The propagation factor, also from Table 8.1, is 




e y =l--2- + — , — -1. (8.36) 

Now consider two frequency regions: 

1. For a> < co c : This is the passband of the filter section. Equation (8.35) shows that 
Z,t is real, and (8.36) shows that y is imaginary, since oj 2 /co^ — 1 is negative and 

2. For tw > oj c : This is the stopband of the filter section. Equation (8.35) shows that Zu 
is imaginary, and (8.36) shows that e Y is real and —1 < e Y < 0 (as seen from the 
limits as co — > co c and co — > oo). The attenuation rate for co co c is 40 dB/decade. 

Typical phase and attenuation constants are sketched in Figure 8.10. Observe that the 
attenuation, a, is zero or relatively small near the cutoff frequency, although a — > oo as 

TABLE 8.1 Image Parameters for T- and n -Networks 



° — wvv 



Zj/2 



2Z, 



2Z2 



T-Network 



jr -Network 



ABCD parameters: 

A = 1 + Z!/2Z 2 

S = Zi + Z2/4Z 2 

C = 1/Z 2 

Z) = 1 + Z!/2Z 2 

Z parameters: 

Zll = z 22 = Z 2 + Zi/2 

Z 12 = Z 21 = Z 2 

Image impedance: 

Z iT = yz^yi + Z!/4Z 2 
Propagation constant: 

e y = 1 + Z X /2Z 2 + yZx/Z 2 + Z2/4Z 



ABCD parameters: 

A = 1 + Zi/2Z 2 
B = Z\ 

C= l/Z 2 + Z l /4Zj 
D = 1 + Zi/2Z 2 
F parameters: 

I'll = *22 = 1/Zi + 1/2Z 2 
^2 = ^21 = 1/Zi 

Image impedance: 

Z,-tt = Jz^/Jl + Z : /4Z 2 = Z x Z 2 IZ iT 
Propagation constant: 



e y = i + Zl/ 2Z 2 + y / Z 1 /Z 2 + z2/4Z 
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a, pi 




FIGURE 8.10 Typical passband and stopband characteristics of the low-pass constant-A: sections 
of Figure 8.9. 

co — > oo. This type of filter is known as a constant-k low-pass prototype. There are only 
two parameters to choose (L and C), which are determined by co c , the cutoff frequency, 
and Rq, the image impedance at zero frequency. 

The above results are valid only when the filter section is terminated in its image 
impedance at both ports. This is a major weakness of the design because the image imped- 
ance is a function of frequency, and is not likely to match a given source or load impedance. 
This disadvantage, as well as the fact that the attenuation is rather low near cutoff, can be 
remedied with the modified m-derived sections to be discussed shortly. 

For the low-pass it -network of Figure 8.9, we have that Z\ — jcoL and Zi = 1 /jcoC, 
so the propagation factor is the same as that for the low-pass T-network. The cutoff fre- 
quency, co c , and nominal characteristic impedance, Rq, are the same as the correspond- 
ing quantities for the T-network as given in (8.33) and (8.34). At co — 0 we have that 
ZjT — Zi n — Rq, where Z Ijr is the image impedance of the low-pass it -network, but Z,t 
and Zi„ are generally not equal at other frequencies. 

High-pass constant-fc sections are shown in Figure 8.11; we see that the positions of 
the inductors and capacitors are reversed from those in the low-pass prototype. The design 
equations are easily shown to be 




(8.37) 
(8.38) 



(a) (b) 
FIGURE 8.11 High-pass constant-A; filter sections in T and jr forms, (a) T-section. (b) ^--section. 
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(c) 

FIGURE 8.12 Development of an m-derived filter section from a constant-/: section, (a) Constant- 
k section, (b) General m-derived section, (c) Final m-derived section. 



m-Derived Filter Sections 

We have seen that the constant-/: filter section suffers from the disadvantages of a relatively 
slow attenuation rate past cutoff, and a nonconstant image impedance. The m-derived filter 
section is a modification of the constant-/: section designed to overcome these problems. As 
shown in Figure 8.12a, b the impedances Z\ and Z2 in a constant-/: T-section are replaced 
with Zj and Z' 2 , and we let 

Z\=mZ\. (8.39) 

Then we choose Z' 2 to obtain the same value of Z,t as for the constant-/: section. Thus, 
from Table 8.1, 



(8.40) 



Z? Zr mZ\ Z9 (l—m) 

: 2 = — + j 1 -—r = — + — A — ~ z i- ( 8 - 41 ) 

m Am 4 m Am 




Solving for Z' 2 gives 



Because the impedances Z\ and Z2 represent reactive elements, Z' 2 represents two el- 
ements in series, as indicated in Figure 8.12c. Note that m — 1 reduces to the original 
constant-/: section. 

For a low-pass filter, we have Z\ — jcoL and Z2 = 1/jcoC. Then (8.39) and (8.41) 
give the m-derived components as 

Z[ = jcoLm, (8.42a) 

1 (1-m 2 ) 

Z' 2 = -— + K — '-jcoL, (8.42b) 

jcoCm Am 



which results in the circuit of Figure 8.13. Now consider the propagation factor for the 
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(a) (b) 
FIGURE 8.13 m-Derived filter sections, (a) Low-pass T-section. (b) High-pass T-section. 



m-derived section. From Table 8.1, 



For the low-pass m-derived filter, 




(8.43) 



7' 

£j_ 

Z' (1/jcoCm) + jcoL{\ - m 2 )/4m 1 - (1 - m 2 )(o/co c ) 2 



jwLm 



— (2com /(o c ) 



where a> c = 2/y/LC as before. Then, 



1 



1 - (co/co c ) 2 



Z\ 



AZL 1 - (1 - m 2 )(co/co c ) 2 



If we restrict 0 < m < 1, then these results show that e r is real and \e y \ > 1 for a> > co c . 
Thus the stopband begins at ft) = co c , as for the constant-^ section. However, when co — 
aioo, where 



Woo 



m 



2' 



(8.44) 



the denominators vanish and e Y becomes infinite, implying infinite attenuation. Physically, 
this pole in the attenuation characteristic is caused by the resonance of the series LC res- 
onator in the shunt arm of the T; this is easily verified by showing that the resonant fre- 
quency of this LC resonator is a>oo- Note that (8.44) indicates that Woo > co c , so infinite 
attenuation occurs after the cutoff frequency, co c , as illustrated in Figure 8.14. The position 
of the pole at &>oo can be controlled with the value of m. 




FIGURE 8.14 Typical attenuation responses for constant-fc, m-derived, and composite filters. 
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(b) 

FIGURE 8.15 Development of an m-derived 7r-section. (a) Infinite cascade of m-derived 
T-sections. (b) A de-embedded n -equivalent. 



We now have a very sharp cutoff response, but one problem with the m-derived section 
is that its attenuation decreases for co > cOoq. Since it is often desirable to have infinite 
attenuation as &> — > oo, the m-derived section can be cascaded with a constant-fc section to 
give the composite attenuation response shown in Figure 8.14. 

The m-derived T-section was designed so that its image impedance was identical to 
that of the constant-fc section (independent of m), so we still have the problem of a non- 
constant image impedance. However, the image impedance of the it -equivalent will depend 
on m, and this extra degree of freedom can be used to design an optimum matching section. 

The easiest way to obtain the corresponding 7t -section is to consider it as a piece 
of an infinite cascade of m-derived T-sections, as shown in Figure 8.15. Then the image 
impedance of this network is, using the results of Table 8.1 and (8.35), 

Z\Z' Z l Z 2 + Z 2 (l-m 2 )/4- 
Z in = -^= —, 1 (8.45) 
Z*T R 0y /l - (co/co c ) 2 

Now ZiZ 2 - L/C = R 2 and Z 2 = -co 2 L 2 = -4R 2 (co/co c ) 2 , so (8.45) reduces to 

1 - (1 - m 2 )(co/co c ) 2 

Z in = \ l c> Rp. (8.46) 

Vl - (a>/co c ) 2 

Since this impedance is a function of m, we can choose m to minimize the variation of Z (7r 
over the passband of the filter. Figure 8.16 shows this variation with frequency for several 
values of m; a value of m = 0.6 generally gives the best results. 

This type of m-derived section can then be used at the input and output of the filter to 
provide a nearly constant impedance match to and from Rq. However, the image impedance 
of the constant-fc and m-derived T-sections, Z ( r, does not match Z ( jr ; this problem can be 
surmounted by bisecting the it -sections, as shown in Figure 8.17. The image impedances 
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of this circuit are Z, i = Z^ and Z,-2 = Z i7r , which can be shown by finding its ABCD 
parameters: 

A = 1 + ^ (8.47a) 
Z' 

B — —5-, (8.47b) 



C = ^ (8.47c) 
D = 1, (8.47d) 
and then using (8.27) for Z;i and Z,-2: 



Z il =JZ , 1 Z' 2 +-l-=ZiT, (8.48a) 



Z; 2 = J 2 , = - J -^ = Z t „, (8.48b) 

V 1 + Z[/4Z' 2 Z iT 



where (8.40) has been used for Z t j. 



Composite Filters 

By combining in cascade the constant-fc, m-derived sharp cutoff and the m-derived match- 
ing sections we can realize a filter with the desired attenuation and matching properties. 



o VWV 

Z il = Z i7 =z> > 2Z 2 < ~^ = Z i2 = Z « 



FIGURE 8.17 A bisected it -section used to match Z in to Z, 7- . 
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FIGURE 8.18 The final four-stage composite filter. 
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This type of design is called a composite filter, and is shown in Figure 8.18. The sharp- 
cutoff section, with m < 0.6, places an attenuation pole near the cutoff frequency to provide 
a sharp attenuation response; the constant-^: section provides high attenuation further into 
the stopband. The bisected-jr sections at the ends of the filter match the nominal source 
and load impedance, Rq, to the internal image impedances, Z,t, of the constant-^ and 
m-derived sections. Table 8.2 summarizes the design equations for low- and high-pass 



TABLE 8.2 Summary of Composite Filter Design 



Low-Pass 



High-Pass 



Constant-^ T section 

L/2 L/2 



« 0 = VZ/C 
a, = 2/jLC 



L = 2R 0 /a> c 
C = 2lai c R Q 



Constant-^ T section 

2C 2C 



R 0 = JUC L = R 0 /2o) t . 

ai c = 1/2 JL~C C=1/2g) c S 0 



m-derived T section 

mL/2 mL/2 

mC 

( l-m 2 ) L 
4m 

1 

L, C Same as constant-/: section 

~J 1 - (&> t ./&0 2 for sharp-cutoff 
0.6 for matching 

Bisected-77 matching section 

mL/2 mL/2 

mC _L 

2 



m-derived T section 

2C/m 2C/m 



L/m) 



Am 
(1-m 2 ) 



C 



L, C Same as constant-/: section 
~J 1 - (o./(ti t ) ! for sharp-cutoff 
0.6 for matching 

Bisected-77 matching section 

2C/m 2C/m 

O-O II 




2L/m 



2m 
(1-m 



R n 



1 o 
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composite filters; notice that once the cutoff frequency and impedance are specified, there 
is only one degree of freedom (the value of m for the sharp-cutoff section) left to control 
the filter response. The following example illustrates the design procedure. 



EXAMPLE 8.2 LOW-PASS COMPOSITE FILTER DESIGN 

Design a low-pass composite filter with a cutoff frequency of 2 MHz and imped- 
ance of 75 Q. Place the infinite attenuation pole at 2.05 MHz, and plot the fre- 
quency response from 0 to 4 MHz. 

Solution 

All of the component values can be found from Table 8.2. For the constant-^ 
section 



2R Q 2 
L= — - = 11 .94 /zH, C = = 2.122 nF. 

gd c Rqco c 



For the m -derived sharp-cutoff section 



4m 

For the m = 0.6 matching sections 



m 




( A ) 2 

Voo' 


mL 

~Y 


= 1.310 


jLlH, 


mC 


= 465.8 


pF, 


2 


= 12.94 


jLlH. 



1 



m 



mL 
~2~ 
mC 

~Y 

2 



2m 



3.582 fiH, 
636.5 pF, 
6.368 iM. 



The completed filter circuit is shown in Figure 8.19; the series pairs of induc- 
tors between the sections have been combined. Figure 8.20 shows the resulting 
frequency response for |Si 2 |. Note the sharp dip at / = 2.05 MHz due to the 
m = 0.2195 section, and the pole at 2.50 MHz, which is due to the m = 0.6 
matching sections. ■ 



3.582 /iH 5.97 ju,H 5.97 /M 1.310 /xH 1.310 itH 3.582 /iH 



6.368 



636.5 pF 
o 1 o- 



d= 2122 pF 




Matching Constant-*: m-derived 

FIGURE 8.19 Low-pass composite filter for Example 8.2. 



6.368 iiH 



-p 636.5 pF 
— I o 



Matching 



8.3 Filter Design by the Insertion Loss Method 399 



0 









i\ Pole due 




[ \ torn =0.6 




' \ section 


Pole due to / 






m = 0.2195 7 




section 


V 


1 





0 12 3 4 



Frequency (MHz) 

FIGURE 8.20 Frequency response for the low-pass filter of Example 8.2. 



FILTER DESIGN BY THE INSERTION LOSS METHOD 

A perfect filter would have zero insertion loss in the passband, infinite attenuation in the 
stopband, and a linear phase response (to avoid signal distortion) in the passband. Of course, 
such filters do not exist in practice, so compromises must be made; herein lies the art of 
filter design. 

The image parameter method of the previous section may yield a usable filter response 
for some applications, but there is no methodical way of improving the design. The inser- 
tion loss method, however, allows a high degree of control over the passband and stop- 
band amplitude and phase characteristics, with a systematic way to synthesize a desired 
response. The necessary design trade-offs can be evaluated to best meet the application 
requirements. If, for example, a minimum insertion loss is most important, a binomial re- 
sponse could be used; a Chebyshev response would satisfy a requirement for the sharpest 
cutoff. If it is possible to sacrifice the attenuation rate, a better phase response can be 
obtained by using a linear phase filter design. In addition, in all cases, the insertion loss 
method allows filter performance to be improved in a straightforward manner, at the ex- 
pense of a higher order filter. For the filter prototypes to be discussed below, the order of 
the filter is equal to the number of reactive elements. 



Characterization by Power Loss Ratio 

In the insertion loss method a filter response is defined by its insertion loss, or power loss 
ratio, Plr: 

p Power available from source P; nc 1 ^ 

Power delivered to load P] oa d 1 — |r(&>)| 2 

Observe that this quantity is the reciprocal of IS12I 2 if both load and source are matched. 
The insertion loss (IL) in dB is 

IL=101ogP LR . (8.50) 
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From Section 4.1 we know that |r(&>)| 2 is an even function of co; therefore it can be 
expressed as a polynomial in co 2 . Thus we can write 



|r(«)| 2 = 



M(co l ) 
M(co 2 ) + N{co 2 Y 



(8.51) 



where M and N are real polynomials in a 2 . Substituting this form in (8.49) gives the 
following: 



Plr = 1 + 



M(co 2 ) 
N(co 2 ) ' 



(8.52) 



For a filter to be physically realizable its power loss ratio must be of the form in (8.52). 
Notice that specifying the power loss ratio simultaneously constrains the magnitude of the 
reflection coefficient, |T(a))|. We now discuss some practical filter responses. 

Maximally flat: This characteristic is also called the binomial or Butterworth response, and 
is optimum in the sense that it provides the flattest possible passband response for a given 
filter complexity, or order. For a low-pass filter, it is specified by 



Put = 1 + k- 



(<Wc) 



2N 



(8.53) 



where N is the order of the filter and co c is the cutoff frequency. The passband extends 
from co — 0 to co — co c ; at the band edge the power loss ratio is 1 + k 2 . If we choose this 
as the —3 dB point, as is common, we have k = 1, which we will assume from now on. 
For co > co c , the attenuation increases monotonically with frequency, as shown in Figure 
8.21. For co JS> co c , Plr — k 2 (co / co c ) 2N , which shows that the insertion loss increases at the 
rate of 20 N dB/decade. Like the binomial response for multisection quarter-wave matching 
transformers, the first (2N — 1) derivatives of (8.53) are zero at co — 0. 

Equal ripple: If a Chebyshev polynomial is used to specify the insertion loss of an NXh- 
order low-pass filter as 



i^ R = l+k 2 T 2 



(8.54) 



then a sharper cutoff will result, although the passband response will have ripples of ampli- 
tude 1 + k 2 , as shown in Figure 8.21, since Tn(x) oscillates between ±1 for \x\ 2 l. Thus, 




0 0.5 1.0 1.5 

FIGURE 8.21 Maximally flat and equal-ripple low-pass filter responses (N = 3). 
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FIGURE 8.22 Elliptic function low-pass filter response. 



k 2 determines the passband ripple level. For large x, Tn(x) 
insertion loss becomes 



j(2x) , so for co JS> co c the 




which also increases at the rate of 2CW dB/decade. However, the insertion loss for the 
Chebyshev case is (2 2N )/4 greater than the binomial response at any given frequency 
where w » <b c . 

Elliptic function: The maximally flat and equal-ripple responses both have monotonically 
increasing attenuation in the stopband. In many applications it is adequate to specify a min- 
imum stopband attenuation, in which case a better cutoff rate can be obtained. Such filters 
are called elliptic function filters [3], and they have equal-ripple responses in the passband 
as well as in the stopband, as shown in Figure 8.22. The maximum attenuation in the pass- 
band, A max , can be specified, as well as the minimum attenuation in the stopband, A m i n . 
Elliptic function filters are difficult to synthesize, so we will not consider them further; the 
interested reader is referred to reference [3]. 

Linear phase: The above filters specify the amplitude response, but in some applications 
(such as multiplexing filters for communication systems) it is important to have a linear 
phase response in the passband to avoid signal distortion. Since a sharp-cutoff response is 
generally incompatible with a good phase response, the phase response of a filter must be 
deliberately synthesized, usually resulting in an inferior attenuation characteristic. A linear 
phase characteristic can be achieved with the following phase response: 



where </> (co) is the phase of the voltage transfer function of the filter, and p is a constant. A 
related quantity is the group delay, defined as 



which shows that the group delay for a linear phase filter is a maximally flat function. 

More general filter specifications can be obtained, but the above cases are the most 
common. We will next discuss the design of low-pass filter prototypes that are normalized 
in terms of impedance and frequency; this normalization simplifies the design of filters 




(8.55) 




(8.56) 
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FIGURE 8.23 The process of filter design by the insertion loss method. 



for arbitrary frequency, impedance, and type (low-pass, high-pass, bandpass, orbandstop). 
The low-pass prototypes are then scaled to the desired frequency and impedance, and the 
lumped-element components replaced with distributed circuit elements for implementation 
at microwave frequencies. This design process is illustrated in Figure 8.23. 

Maximally Flat Low-Pass Filter Prototype 

Consider the two-element low-pass filter prototype shown in Figure 8.24; we will derive 
the normalized element values, L and C, for a maximally flat response. We assume a source 
impedance of 1 £2, and a cutoff frequency a> c — 1 rad/sec. From (8.53), the desired power 
loss ratio will be, for N — 2, 

P LR =1 +C0 \ (8.57) 



The input impedance of this filter is 

1 + oj 2 R 2 C 2 



R(l - jcoRC) 

Z in = jcoL + } (8.58) 



Because 

r Zi ' 



Z in + 1 

the power loss ratio can be written as 

1 1 I Zin + 1 1 



i-|rp i-[(z in -i)/(z in + i)][(z^- i)/(z?+i)] 2(z m + z*)- 

(8.59) 



Now 



Z in + Z, 



II 2 




cdCR 1 \ 2 
l+o) 2 R 2 C 2 ) ' 
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so (8.59) becomes 

1 + w 2 R 2 C 2 



Plr = 



AR 



{l+co 2 R 2 C 2 +1 ) 



+ coL 



coCR 2 
\+w 2 R 2 C 2 



1 

AR 



(R 2 + 2R + 1 + R 2 co 2 C 2 + w 2 L 2 + co 4 L 2 C 2 R 2 - 2co 2 LCR 2 ) 



= 1 + —[(1 - R) 2 + (R 2 C 2 + L 2 — 2LCR 2 )w 2 + L 2 C 2 R 2 co 4 ]. (8.60) 
AR 

Observe that this expression is a polynomial in co 2 . Comparing to the desired response of 
(8.57) shows that R = 1, since Plr = 1 for tu = 0. In addition, the coefficient of co 2 must 
vanish, so 

C 2 + L 2 - 2LC = (C - L) 2 = 0, 
or L — C. Then, for the coefficient of co 4 to be unity, we must have 

-L 2 C 2 =-L 4 =1, 
A A 

or 

L — C — V2. 

In principle, this procedure can be extended to find the element values for filters with an ar- 
bitrary number of elements, N, but clearly this is not practical for large N. For a normalized 
low-pass design, where the source impedance is 1 Q and the cutoff frequency is co c = 1 
rad/sec, however, the element values for the ladder-type circuits of Figure 8.25 can be tabu- 
lated [1]. Table 8.3 gives such element values for maximally flat low-pass filter prototypes 
for N = 1 to 10. (Notice that the values fox N — 2 agree with the above analytical so- 
lution.) These data can be used with either of the ladder circuits of Figure 8.25 in the 
following way. The element values are numbered from go at the generator impedance to 
gN+i at the load impedance for a filter having N reactive elements. The elements alternate 



*b = «o=l 



--82 




■ Sn+i 



(a) 



'-Si 



G 0 = g 0 = 1 



L 3 = g3 



--82 



■ 8n+i 



(b) 

FIGURE 8.25 Ladder circuits for low-pass filter prototypes and their element definitions, (a) Pro- 
totype beginning with a shunt element, (b) Prototype beginning with a series 
element. 
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TABLE 8.3 Element Values for Maximally Flat Low-Pass Filter Prototypes (g 0 = 1, 
oo c = 1, N = 1 to 10) 



N 


gl 


gl 




S3 


gi 


gs 


g6 


gl 


gs 


g9 


gio 


£11 


1 


2.0000 


1.0000 






















2 


1.4142 


1.4142 


1 


.0000 


















3 


1.0000 


2.0000 


1 


.0000 


1.0000 
















4 


0.7654 


1.8478 


1 


.8478 


0.7654 


1.0000 














5 


0.6180 


1.6180 


2 


.0000 


1.6180 


0.6180 


1.0000 












6 


0.5176 


1.4142 


1 


.9318 


1.9318 


1.4142 


0.5176 


1.0000 










7 


0.4450 


1.2470 


1 


.8019 


2.0000 


1.8019 


1.2470 


0.4450 


1.0000 








8 


0.3902 


1.1111 


1 


.6629 


1.9615 


1.9615 


1.6629 


1.1111 


0.3902 


1.0000 






9 


0.3473 


1.0000 


1 


.5321 


1.8794 


2.0000 


1.8794 


1.5321 


1.0000 


0.3473 


1.0000 




10 


0.3129 


0.9080 


1 


.4142 


1.7820 


1.9754 


1.9754 


1.7820 


1.4142 


0.9080 


0.3129 


1.0000 



Source: Reprinted from G. L. Matthaei, L. Young, and E. M. T. Jones, Microwave Filters, Impedance-Matching 



between series and shunt connections, and g^ has the following definition: 

J generator resistance (network of Figure 8.25a) 



go 



I generator conductance (network of Figure 8.25b) 
f inductance for series inductors 



(k = 1 to iV) I capacitance for shunt capacitors 

{load resistance if gN is a shunt capacitor 
load conductance if g^ is a series inductor 

Then the circuits of Figure 8.25 can be considered as the dual of each other, and both will 
give the same filter response. 

Finally, as a matter of practical design procedure, it will be necessary to determine the 
size, or order, of the filter. This is usually dictated by a specification on the insertion loss 
at some frequency in the stopband of the filter. Figure 8.26 shows the attenuation charac- 
teristics for various N versus normalized frequency. If a filter with N > 10 is required, a 
good result can usually be obtained by cascading two designs of lower order. 

Equal-Ripple Low-Pass Filter Prototype 

For an equal-ripple low-pass filter with a cutoff frequency co c — 1 rad/sec, the power loss 
ratio from (8.54) is 

Plr= l+k 2 T 2 (w), (8.61) 

where 1 + k 2 is the ripple level in the passband. Since the Chebyshev polynomials have 
the property that 



T N (0) 



0 for N odd, 

1 for N even, 



equation (8.61) shows that the filter will have a unity power loss ratio at w — 0 for N odd, 
but a power loss ratio of 1 + k 2 at &> = 0 for N even. Thus, there are two cases to consider, 
depending on N. 
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FIGURE 8.26 Attenuation versus normalized frequency for maximally flat filter prototypes. 

Adapted from G. L. Matthaei, L. Young, and E. M. T. Jones, Microwave Filters, Impedance- 
Matching Networks, and Coupling Structures, Artech House, Dedham, Mass., 1980, with 
permission. 



For the two-element filter of Figure 8.24, the power loss ratio is given in terms of the 
component values in (8.60). From (5.56b), we see that — 2x 2 — 1, so equating (8.61) 
to (8.60) gives 

1+ k 2 (4co 4 - 4oj 2 + 1) = 1 + -"-[(1 - R) 2 + (R 2 C 2 + L 2 - 2LCR 2 ) oj 2 + L 2 C 2 R 2 oj 4 ], 

AR 

(8.62) 

which can be solved for R, L, and C if the ripple level (as determined by k 2 ) is known. 
Thus, at a> — 0 we have that 

k2 = (1 - R f 



4R ' 
or 

R = 1 + 2k 2 ± 2*Vl + k 2 (for N even). (8.63) 
Equating coefficients of od 2 and od 4 yields the additional relations 

4k 2 = —L 2 C 2 R 2 , 
4R 

-4k 2 = —(R 2 C 2 + L 2 — 2LCR 2 ), 
4R y ' 

which can be used to find L and C. Note that (8.63) gives a value for R that is not unity, so 
there will be an impedance mismatch if the load has a unity (normalized) impedance; this 
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TABLE 8.4 Element Values for Equal-Ripple Low-Pass Filter Prototypes (g 0 = 1, o> c = 
1, N = 1 to 10, 0.5 dB and 3.0 dB ripple) 



0.5 dB Ripple 



N 


£1 


£2 


£3 


£4 


g5 


£6 


gl 


£8 


g9 


£10 


£11 


1 


0.6986 


1.0000 




















2 


1.4029 


0.7071 


1.9841 


















3 


1.5963 


1.0967 


1.5963 


1.0000 
















4 


1.6703 


1.1926 


2.3661 


0.8419 


1.9841 














5 


1.7058 


1.2296 


2.5408 


1.2296 


1.7058 


1.0000 












/r 
0 


1. /2D4 


1.24/9 


2. D064 


1.313 / 


2.4758 


0.8696 


1 no a 1 

i.y»4i 










-7 

/ 


Y.I 5 1 L 


1.23SJ 


2.0381 


1 1 A A A 

1..3444 


2.6381 


1.2583 


1.1511 


1 .UOOU 








8 


1 .745 1 


1.2647 


2.6564 


1.3590 


2.6964 


1.3389 


2.5093 


0.8796 


1.9841 






V 


1./304 


1.209U 


2.00/8 


1.36/3 


2.7239 


1.3673 


2.00/6 


i.2t>9U 


1. O04 


1 .UOUU 




10 


1.7543 


1.2/21 


2.6754 


1.3725 


2.7392 


1.3806 


o in 1 

2.7231 


1.3485 


2.5239 


0.8842 


1 no a 1 

1.9841 












3.0 dB Ripple 












N 




£2 


£3 




gs 


g6 


gl 




g9 


£10 


£11 


1 


1.9953 


1.0000 




















2 


3.1013 


0.5339 


5.8095 


















3 


3.3487 


0.7117 


3.3487 


1.0000 
















4 


3.4389 


0.7483 


4.3471 


0.5920 


5.8095 














5 


3.4817 


0.7618 


4.5381 


0.7618 


3.4817 


1.0000 












6 


3.5045 


0.7685 


4.6061 


0.7929 


4.4641 


0.6033 


5.8095 










7 


3.5182 


0.7723 


4.6386 


0.8039 


4.6386 


0.7723 


3.5182 


1.0000 








8 


3.5277 


0.7745 


4.6575 


0.8089 


4.6990 


0.8018 


4.4990 


0.6073 


5.8095 






9 


3.5340 


0.7760 


4.6692 


0.8118 


4.7272 


0.8118 


4.6692 


0.7760 


3.5340 


1.0000 




10 


3.5384 


0.7771 


4.6768 


0.8136 


4.7425 


0.8164 


4.7260 


0.8051 


4.5142 


0.6091 


5.8095 



Source: Reprinted from G. L. Matthaei, L. Young, and E. M. T. Jones, Microwave Filters, Impedance-Matching 
Networks, and Coupling Structures, Artech House, Dedham, Mass., 1980, with permission. 



can be corrected with a quarter-wave transformer, or by using an additional filter element 
to make odd. For odd N, it can be shown that R = 1. (This is because there is a unity 
power loss ratio at a> — 0 for Af odd.) 

Tables exist for designing equal-ripple low-pass filters with a normalized source im- 
pedance and cutoff frequency {a>' c — 1 rad/sec) [1], and these can be applied to either of 
the ladder circuits of Figure 8.25. This design data depends on the specified passband ripple 
level; Table 8.4 lists element values for normalized low-pass filter prototypes having 0.5 or 
3.0 dB ripple for N — 1 to 10. Notice that the load impedance gN+i ^ 1 for even N. If the 
stopband attenuation is specified, the curves in Figure 8.27 can be used to determine the 
necessary value of N for these ripple values. 

Linear Phase Low-Pass Filter Prototypes 

Filters having a maximally flat time delay, or a linear phase response, can be designed in 
the same way, but things are somewhat more complicated because the phase of the volt- 
age transfer function is not as simply expressed as is its amplitude. Design values have 
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FIGURE 8.27 Attenuation versus normalized frequency for equal-ripple filter prototypes, 
(a) 0.5 dB ripple level, (b) 3.0 dB ripple level. 

Adapted from G. L. Matthaei, L. Young, and E. M. T. Jones, Microwave Filters, Impedance- 
Matching Networks, and Coupling Structures, Artech House, Dedham, Mass., 1980, with 
permission. 
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TABLE 8.5 Element Values for Maximally Flat Time Delay Low-Pass Filter Prototypes 
(g 0 = 1, (Oc = 1, N = 1 to 10) 



N 


£1 


g2 


£3 


£4 


£5 


£6 


gl 


£8 


g9 


£10 


£11 


1 


2.0000 


1.0000 




















2 


1.5774 


0.4226 


1.0000 


















3 


1.2550 


0.5528 


0.1922 


1.0000 
















4 


1.0598 


0.5116 


0.3181 


0.1104 


1.0000 














5 


0.9303 


0.4577 


0.3312 


0.2090 


0.0718 


1.0000 












6 


0.8377 


0.4116 


0.3158 


0.2364 


0.1480 


0.0505 


1.0000 










7 


0.7677 


0.3744 


0.2944 


0.2378 


0.1778 


0.1104 


0.0375 


1.0000 








8 


0.7125 


0.3446 


0.2735 


0.2297 


0.1867 


0.1387 


0.0855 


0.0289 


1.0000 






9 


0.6678 


0.3203 


0.2547 


0.2184 


0.1859 


0.1506 


0.1111 


0.0682 


0.0230 


1.0000 




10 


0.6305 


0.3002 


0.2384 


0.2066 


0.1808 


0.1539 


0.1240 


0.0911 


0.0557 


0.0187 


1.0000 



Source: Reprinted from G. L. Matthaei, L. Young, and E. M. T. Jones, Microwave Filters, Impedance-Matching 
Networks, and Coupling Structures, Artech House, Dedham, Mass., 1980, with permission. 



been derived for such filters [1], however, again for the ladder circuits of Figure 8.25, and 
they are given in Table 8.5 for a normalized source impedance and cutoff frequency 
(co' c — 1 rad/sec). The resulting normalized group delay in the passband will be %d — 
l/co' c — 1 sec. 



FILTER TRANSFORMATIONS 

The low-pass filter prototypes of the previous section were normalized designs having a 
source impedance of R s — 1 Z2 and a cutoff frequency of oj c — 1 rad/sec. Here we show 
how these designs can be scaled in terms of impedance and frequency, and converted to 
give high-pass, bandpass, or bandstop characteristics. Several examples will be presented 
to illustrate the design procedure. 



Impedance and Frequency Scaling 

Impedance scaling: In the prototype design, the source and load resistances are unity (ex- 
cept for equal-ripple filters with even N, which have nonunity load resistance). A source 
resistance of Rq can be obtained by multiplying all the impedances of the prototype design 
by Rq. Thus, if we let primes denote impedance scaled quantities, the new filter component 
values are given by 

L' = RqL, (8.64a) 

C = (8.64b) 
Rq 

R' s = R 0 , (8.64c) 

R' L = R 0 R L , (8.64d) 
where L, C, and Rl are the component values for the original prototype. 
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Frequency scaling for low-pass filters: To change the cutoff frequency of a low-pass pro- 
totype from unity to co c requires that we scale the frequency dependence of the filter by the 
factor l/co c , which is accomplished by replacing co by co/co c : 



— . (8.65) 



Then the new power loss ratio will be 

Plr(">) = Plr 



where co c is the new cutoff frequency; cutoff occurs when co/co c — 1, or co — co c . This 
transformation can be viewed as a stretching, or expansion, of the original passband, as 
illustrated in Figure 8.28a, b. 

The new element values are determined by applying the substitution of (8.65) to the 
series reactances, jcoLk, and shunt susceptances, jcoCk, of the prototype filter. Thus, 

co , 
jX k = j — L k = jcoL k , 
co c 

co . 
jB k = j—C k = jcoC k , 

which shows that the new element values are given by 

L' k = — , (8.66a) 

COr 



CL = —. (8.66b) 

co c 

When both impedance and frequency scaling are required, the results of (8.64) can be 
combined with (8.66) to give 

L' k = (8.67a) 

co c 

C' k = -^. (8.67b) 




-10 1 0) -co c 0 io c co -io c 0 w c a> 

(a) (b) (c) 



FIGURE 8.28 Frequency scaling for low-pass niters and transformation to a high-pass response. 

(a) Low-pass filter prototype response for a> c = 1 rad/sec. (b) Frequency scaling 
for low-pass response, (c) Transformation to high-pass response. 
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Low-pass to high-pass transformation: The frequency substitution 

(8.68) 



CO 



can be used to convert a low-pass response to a high-pass response, as shown in 
Figure 8.28c. This substitution maps co — 0 to co — ±oo, and vice versa; cutoff occurs 
when co — ±co c . The negative sign is needed to convert inductors (and capacitors) to real- 
izable capacitors (and inductors). Applying (8.68) to the series reactances, jcoLk, and the 
shunt susceptances, jcoCk, of the prototype filter gives 

co c 

jX k - -j—L k 

CO 



jcoC' k ' 



co c 1 
jB k = -j—C k 

CO 



jcoL' k ' 



which shows that series inductors L k must be replaced with capacitors C' k , and shunt ca- 
pacitors Cfc must be replaced with inductors L' k . The new component values are given by 



1 

a> c Lk ' 



C' k = — ^, (8.69a) 



4 = "V- (8.69b) 



Impedance scaling can be included by using (8.64) to give 




c; = *ii? (8 - 70a) 

4 = -^r- (8.70b) 



EXAMPLE 8.3 LOW-PASS FILTER DESIGN COMPARISON 

Design a maximally flat low-pass filter with a cutoff frequency of 2 GHz, imped- 
ance of 50 £2, and at least 15 dB insertion loss at 3 GHz. Compute and plot the 
amplitude response and group delay for / = 0 to 4 GHz, and compare with an 
equal-ripple (3.0 dB ripple) and linear phase filter having the same order. 

Solution 

First find the required order of the maximally flat filter to satisfy the insertion loss 
specification at 3 GHz. We have that \co/co c \ — 1 = 0.5; from Figure 8.26 we see 
that N — 5 will be sufficient. Then Table 8.3 gives the prototype element values as 

gl = 0.618, 

82 = 1-618, 

83 = 2.000, 
£4 = 1.618, 
85 = 0.618. 
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FIGURE 8.29 Low-pass, maximally flat filter circuit for Example 8.3. 



Then (8.67) can be used to obtain the scaled element values: 

C[ = 0.984 pF, 
L' 2 = 6.438 nH, 
C3 = 3.183 pF, 
L' 4 = 6.438 nH, 
C5 = 0.984 pF. 

The final filter circuit is shown in Figure 8.29; the ladder circuit of Figure 8.25a 
was used, but that of Figure 8.25b could have been used just as well. 

The component values for the equal-ripple filter and the linear phase filter, 
for N — 5, can be determined from Tables 8.4 and 8.5. The amplitude and group 
delay results for these three filters are shown in Figure 8.30. These results clearly 
show the trade-offs involved with the three types of filters. The equal-ripple re- 
sponse has the sharpest cutoff but the worst group delay characteristics. The max- 
imally flat response has a flatter attenuation characteristic in the passband but a 
slightly lower cutoff rate. The linear phase filter has the worst cutoff rate but a 
very good group delay characteristic. ■ 



Bandpass and Bandstop Transformations 

Low-pass prototype filter designs can also be transformed to have the bandpass or bandstop 
responses illustrated in Figure 8.31. If co\ and C02 denote the edges of the passband, then a 
bandpass response can be obtained using the following frequency substitution: 



where 




(8.71) 



(8.72) 



is the fractional bandwidth of the passband. The center frequency, coo, could be chosen 
as the arithmetic mean of a>\ and C02, but the equations are simpler if it is chosen as the 
geometric mean: 

coo — -Jco\co2. (8.73) 
Then the transformation of (8.71) maps the bandpass characteristics of Figure 8.31b to the 
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FIGURE 8.30 Frequency response of the filter design of Example 8.3. (a) Amplitude response, 
(b) Group delay response. 




(a) (b) (c) 

FIGURE 8.31 Bandpass and bandstop frequency transformations, (a) Low-pass filter prototype 
response for co c — 1. (b) Transformation to bandpass response, (c) Transformation 
to bandstop response. 
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low-pass response of Figure 8.31a as follows: 
When co = coo, 
When co = co\ , 



1 (co 
A \coo 



1 / co 
A \coo 



= 0. 



When co — a>2, 



1 / co 
A \coq 




The new filter elements are determined by using (8.71) in the expressions for the series 
reactance and shunt susceptances. Thus, 



co 
coo 



coo 
co 



Lk = j 



Aco 0 



.ooLk . , .1 
J—=JO>L k -J — , 



Aco 



which shows that a series inductor, Lk, is transformed to a series LC circuit with element 
values 



4 = 
cl = 



Acoo' 

A 
(ooL k 



(8.74a) 
(8.74b) 



Similarly, 



jB k 



L ( — _ 

A \coo co J 



.coCk .cooCk 



Acoo 



Aco 



jcoC' k - j 



coL' 



which shows that a shunt capacitor, Ck, is transformed to a shunt LC circuit with element 
values 



<ooCk ' 



Cl = 



c k 

Acoq' 



(8.74c) 
(8.74d) 



The low-pass filter elements are thus converted to series resonant circuits (having a low 
impedance at resonance) in the series arms, and to parallel resonant circuits (having a high 
impedance at resonance) in the shunt arms. Notice that both series and parallel resonator 
elements have a resonant frequency of a>o- 

The inverse transformation can be used to obtain a bandstop response. Thus, 



co 



-A 



co 
coo 



coo 

OJ 



(8.75) 



where A and coo have the same definitions as in (8.72) and (8.73). Then series inductors of 
the low-pass prototype are converted to parallel LC circuits having element values given by 



Li 



AL k 



Cl = 



coo 
1 



coo AL k ' 



(8.76a) 
(8.76b) 
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TABLE 8.6 Summary of Prototype Filter Transformations I A = 



(02 - 0)1 \ 
o>0 / 



Low-pass High-pass Bandpass Bandstop 




The shunt capacitor of the low-pass prototype is converted to series LC circuits having 
element values given by 



L' 



1 



cooAC k ' 
AC* 



(8.76c) 
(8.76d) 



The element transformations from a low-pass prototype to a high-pass, bandpass, or 
bandstop filter are summarized in Table 8.6. These results do not include impedance scal- 
ing, which can be made using (8.64). 




EXAMPLE 8.4 BANDPASS FILTER DESIGN 

Design a bandpass filter having a 0.5 dB equal-ripple response, with N — 3. 
The center frequency is 1 GHz, the bandwidth is 10%, and the impedance 
is 50 £2. 




so n 



FIGURE 8.32 Bandpass filter circuit for Example 8.4. 
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1.0 

Frequency (GHz) 

FIGURE 8.33 Amplitude response for the bandpass filter of Example 8.4. 



1.5 



Solution 

From Table 8.4 the element values for the low-pass prototype circuit of Figure 
8.25b are given as 



81 

82 
83 
84 



1.5963 = Li, 
1.0967 = C 2 , 
1.5963 = L 3 , 
1.000 = R L . 



Equations (8.64) and (8.74) give the impedance-scaled and frequency-transformed 
element values for the circuit of Figure 8.32 as 



L' 



C 



L' 



C 



L' = 



L\R 



1«0 



A 

caoLiRo 
ARp _ 

c 2 



127.0 nH, 
= 0.199 pF, 
0.726 nH, 
= 34.91 pF, 



coqARq 
-^—^ = 127.0 nH, 

0.199 pF. 



C00L3R0 

The resulting amplitude response is shown in Figure 8.33. 



FILTER IMPLEMENTATION 

The lumped-element filter designs discussed in the previous sections generally work well 
at low frequencies, but two problems arise at higher RF and microwave frequencies. First, 
lumped-element inductors and capacitors are generally available only for a limited range of 
values, and can be difficult to implement at microwave frequencies. Distributed elements, 
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such as open-circuited or short-circuited transmission line stubs, are often used to approx- 
imate ideal lumped elements. In addition, at microwave frequencies the distances between 
filter components is not negligible. The first problem is treated with Richards ' transforma- 
tion, which can be used to convert lumped elements to transmission line sections. Kuroda's 
identities can then be used to physically separate filter elements by using transmission 
line sections. Because such additional transmission line sections do not affect the filter 
response, this type of design is called redundant filter synthesis. It is possible to design 
microwave filters that take advantage of these sections to improve the filter response [4]; 
such nonredundant synthesis does not have a lumped-element counterpart. 

Richards' Transformation 

The transformation 

/<» A 

Q. - tan pi = tan ^— J (8.77) 

maps the co plane to the Q plane, which repeats with a period of a>l/v p — 2it. This trans- 
formation was introduced by P. Richards [6] to synthesize an LC network using open- and 
short-circuited transmission line stubs. Thus, if we replace the frequency variable a> with 
£2, we can write the reactance of an inductor as 

jX L = jm = jL tan pi, (8.78a) 

and the susceptance of a capacitor as 

jB c = jSIC = jC\an.pt. (8.78b) 

These results indicate that an inductor can be replaced with a short-circuited stub of length 
pt and characteristic impedance L, while a capacitor can be replaced with an open-circuited 
stub of length pi and characteristic impedance 1/C. A unity filter impedance is assumed. 

Cutoff occurs at unity frequency for a low-pass filter prototype; to obtain the same 
cutoff frequency for the Richards '-transformed filter, (8.77) shows that 

Q = 1 = tan pi, 

which gives a stub length of t = X /8, where X is the wavelength of the line at the cutoff 
frequency, co c . At the frequency &>o = 2ft> c , the lines will be A/4 long, and an attenuation 
pole will occur. At frequencies away from co c , the impedances of the stubs will no longer 
match the original lumped-element impedances, and the filter response will differ from 
the desired prototype response. In addition, the response will be periodic in frequency, 
repeating every 4co c . 

In principle, then, Richards' transformation allows the inductors and capacitors of a 
lumped-element filter to be replaced with short-circuited and open-circuited transmission 
line stubs, as illustrated in Figure 8.34. Since the electrical lengths of all the stubs are the 
same (A/8 at co c ), these lines are called commensurate lines. 

Kuroda's Identities 

The four Kuroda identities use redundant transmission line sections to achieve a more 
practical microwave filter implementation by performing any of the following operations: 

• Physically separate transmission line stubs 

• Transform series stubs into shunt stubs, or vice versa 

• Change impractical characteristic impedances into more realizable values 
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O— 



(a) 



A/8 at 



Z n = L 



S.C. 



A/8 at o) c 
o o 

)B C ^> =!=C jB c => O.C. 



0 C 



(b) 



FIGURE 8.34 Richards' transformation, (a) For an inductor to a short-circuited stub, (b) For a 
capacitor to an open-circuited stub. 



The additional transmission line sections are called unit elements and are 1/8 long at a> c ; 
the unit elements are thus commensurate with the stubs used to implement the inductors 
and capacitors of the prototype design. 

The four Kuroda identities are illustrated in Table 8.7, where each box represents a 
unit element, or transmission line, of the indicated characteristic impedance and length 
(A/8 at co c ). The inductors and capacitors represent short-circuit and open-circuit stubs, 



TABLE 8.7 The Four Kuroda Identities {n l = 1 + Z 2 /Z l ) 



T 
X 



-o o- 

(a) 



n 



-o o- 

(b) 



n 2 Z, 



T " 2z 2 

— I o 
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series 
stub 

" Z x ln 2 




ZJn 1 



Unit 
element 



Unit 
element 



n 2 = 1 + Z 2 /Z l 

FIGURE 8.35 Equivalent circuits illustrating Kuroda identity (a) in Table 8.7. 



respectively. We will prove the equivalence of the first case, and then show how to use 
these identities in Example 8.5. 

The two circuits of identity (a) in Table 8.7 can be redrawn as shown in Figure 8.35; 
we will show that these two networks are equivalent by showing that their AB CD matrices 
are identical. From Table 4.1, the ABCD matrix of a length I of transmission line with 
characteristic impedance Z\ is 



" A 


B ' 




C 


D 





cos fit jZ\ sin fil' 
— sin fil cos fil 



s/\ + Q 2 



1 jSiZi 
jQ 
Zi 



1 



(8.79) 



where Q = tan Bl. The open-circuited shunt stub in the first circuit in Figure 8.35 has an 
impedance of — jZ2 cot B£ — —jZij Q, so the ABCD matrix of the entire circuit is 



A B 
C D 



1 0 



L z 2 
l 



1 jQZi 
jQ 



J L Zi 



l 



Vi + ^ 2 



Vi + ^ 2 



l 



;£2 — + — 
1 Zx Z 2 



1 - Q 



2 ^1 



(8.80a) 



The short-circuited series stub in the second circuit in Figure 8.35 has an impedance 
of j (Z\ /n 2 ) tan fil — j QZ\ /n 2 , so the ABCD matrix of the entire circuit is 



A B 
C D 



1 

jQn 2 
L Z 2 

1 

Vl + ^ 2 



QZ 2 



1 

.0 

jQ 



jQZ x 



1 



Vi + Q 2 



(Zi + Zi) 



L z 2 



i - q 



2 ^1 
Z~2 J 



(8.80b) 



8.5 Filter Implementation 419 




The results in (8.80a) and (8.80b) are identical if we choose n 2 — 1 + Z2/Z1. The other 
identities in Table 8.7 can be proved in the same way. 



EXAMPLE 8.5 LOW-PASS FILTER DESIGN USING STUBS 

Design a low-pass filter for fabrication using microstrip lines. The specifications 
include a cutoff frequency of 4 GHz, an impedance of 50 £2, and a third-order 
3 dB equal-ripple passband response. 

Solution 

From Table 8.4 the normalized low-pass prototype element values are 



81 


- 3.3487 




82 


= 0.7117 


= c 2 , 


83 


= 3.3487 


= L 3 , 


84 


= 1.0000 


= Rl, 



with the lumped-element circuit shown in Figure 8.36a. 

1 Lj = 3.3487 L 3 = 3.3487 




(a) 



Q—i—Q Q—i—Q 



Z 0 = 3.3487 



Z n = 3.3487 




I = A/8 at a> = 1 



Z 0 = 3.3487 



Z 0 = 3.3487 




/ = A/8 at a> = 1 



FIGURE 8.36 Filter design procedure for Example 8.5. (a) Lumped-element low-pass filter pro- 
totype, (b) Using Richards' transformations to convert inductors and capacitors to 
series and shunt stubs, (c) Adding unit elements at the ends of the filter. 
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Z 0 = 4.350 Z„ = 4.350 




Z 0 = 
1.299 



(d) 



50 Q 



Z n = 217.5 Q Z n = 217.5£2 



/ = A/8 at a> = 1 



50 Q 




A/8 at 4 GHz 



50 n 



217.5 £2 



64.9 Q. 



217.5 Q 



70.3 £2 



50 Q 



64.9 Q 



(f) 

FIGURE 8.36 Continued, (d) Applying the second Kuroda identity, (e) After impedance and fre- 
quency scaling, (f) Microstrip fabrication of the final filter. 



We now use Richards' transformations to convert series inductors to series 
stubs, and shunt capacitors to shunt stubs, as shown in Figure 8.36b. According 
to (8.78), the characteristic impedance of a series stub (inductor) is L, and the 
characteristic impedance of a shunt stub (capacitor) is 1/C. For commensurate 
line synthesis, all stubs are A/8 long at &> = co c . (It is usually most convenient to 
work with normalized quantities until the last step in the design.) 

The series stubs of Figure 8.36b would be very difficult to implement in mi- 
crostrip line form, so we will use one of the Kuroda identities to convert these 
to shunt stubs. First we add unit elements at either end of the filter, as shown 
in Figure 8.36c. These redundant elements do not affect filter performance since 
they are matched to the source and load (Zrj — 1). Then we can apply Kuroda 
identity (b) from Table 8.7 to both ends of the filter. In both cases we have that 



7 Z 2 1 

n 2 = 1 + — = 1 + 

Zi 3.3487 



= 1.299. 



The result is shown in Figure 8.36d. 

Finally, we impedance and frequency scale the circuit, which simply involves 
multiplying the normalized characteristic impedances by 50 £2 and choosing the 
line and stub lengths to be 1/8 at 4 GHz. The final circuit is shown in Figure 8.36e, 
with a microstrip layout in Figure 8.36f. 
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FIGURE 8.37 Amplitude responses of lumped-element and distributed-element low-pass filter of 
Example 8.5. 

The calculated amplitude response of this filter is plotted in Figure 8.37, 
along with the response of the lumped-element version. Note that the pass- 
band characteristics are very similar up to 4 GHz, but the distributed-element 
filter has a sharper cutoff. Also notice that the distributed-element filter has a re- 
sponse that repeats every 16 GHz, as a result of the periodic nature of Richards' 
transformation. ■ 

Similar procedures can be used for bandstop filters, but the Kuroda identities are not 
useful for high-pass or bandpass filters. 

Impedance and Admittance Inverters 

As we have seen, it is often desirable to use only series, or only shunt, elements when 
implementing a filter with a particular type of transmission line. The Kuroda identities 
can be used for conversions of this form, but another possibility is to use impedance (K) 
or admittance (J) inverters [1, 4, 7]. Such inverters are especially useful for bandpass or 
bandstop filters with narrow (<10%) bandwidths. 

The conceptual operation of impedance and admittance inverters is illustrated in 
Figure 8.38; since these inverters essentially form the inverse of the load impedance or 
admittance, they can be used to transform series-connected elements to shunt-connected 
elements, or vice versa. This procedure will be illustrated in later sections for bandpass 
and bandstop filters. 

In its simplest form, an impedance or admittance inverter can be constructed using a 
quarter-wave transformer of the appropriate characteristic impedance, as shown in Figure 
8.38b. This implementation also allows the ABCD matrix of the inverter to be easily found 
from the ABCD parameters for a length of transmission line, as given in Table 4.1. Many 
other types of circuits can also be used as impedance or admittance inverters, with one such 
alternative being shown in Figure 8.38c. Inverters of this form turn out to be useful for 
modeling the coupled resonator filters of Section 8.8. The lengths, 6/2, of the transmission 
line sections are generally required to be negative for this type of inverter, but this poses no 
problem if these lines can be absorbed into connecting transmission lines on either side. 
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FIGURE 8.38 Impedance and admittance inverters, (a) Operation of impedance and admittance 
inverters, (b) Implementation as quarter-wave transformers, (c) Implementation 
using transmission lines and reactive elements, (d) Implementation using capacitor 
networks. 

STEPPED-IMPEDANCE LOW-PASS FILTERS 

A relatively easy way to implement low-pass filters in microstrip or stripline is to use alter- 
nating sections of very high and very low characteristic impedance lines. Such filters are 
usually referred to as stepped-impedance, or hi-Z, low-Z filters, and are popular because 
they are easier to design and take up less space than a similar low-pass filter using stubs. 
Because of the approximations involved, however, their electrical performance is not as 
good, so the use of such filters is usually limited to applications where a sharp cutoff is not 
required (for instance, in rejecting out-of-band mixer products). 



Approximate Equivalent Circuits for Short Transmission Line Sections 

We begin by finding the approximate equivalent circuits for a short length of transmis- 
sion line having either a very large or a very small characteristic impedance. The ABCD 
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j 2 



j 2 



JB 



(a) 



X = Z 0 /3l 



(b) 



d= B=Y 0 fSl 



(c) 

FIGURE 8.39 Approximate equivalent circuits for short sections of transmission lines, (a) T- 
equivalent circuit for a transmission line section having fit <SC jr/2. (b) Equivalent 
circuit for small fii and large Zq. (c) Equivalent circuit for small jit and small Zq. 



parameters of a length I of line having characteristic impedance Zo are given in Table 4. 1 ; 
the conversion in Table 4.2 can then be used to find the impedance parameters as 



Zn = Z22 = — = 



-jZ 0 cot pi, 



Z12 = Z21 



1 

C 



—jZo esc fil. 



The series elements of the T-equivalent circuit are 



Zn — Z12 = —jZo 



cos / 



1 



sin / 



JZq tan 



(8.81a) 
(8.81b) 

(8.82) 



while the shunt element of the T-equivalent is Z12. If fit < it /2, the series elements have a 
positive reactance (inductors), while the shunt element has a negative reactance (capacitor). 
We thus have the equivalent circuit shown in Figure 8.39a, where 



X 
2 

B 



Zo tan 
1 



(?)■ 



Zo 



(8.83a) 



(8.83b) 



Now assume a short length of line (say fit < jt/4) and a large characteristic impedance. 
Then (8.83) approximately reduces to 



X 
B 



Zq/31, 
0, 



(8.84a) 
(8.84b) 



which implies the equivalent circuit of Figure 8.39b (a series inductor). For a short length 
of line and a small characteristic impedance, (8.83) approximately reduces to 



X ~ 0, 

B ~ Y 0 pe, 



(8.85a) 
(8.85b) 



which implies the equivalent circuit of Figure 8.39c (a shunt capacitor). So the series induc- 
tors of a low-pass prototype can be replaced with high-impedance line sections (Zo = Z/,), 
and the shunt capacitors can be replaced with low-impedance line sections (Zq = Z{). The 
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ratio Zfr/Zi should be as large as possible, so the actual values of Z/, and Zi are usually set 
to the highest and lowest characteristic impedance that can be practically fabricated. The 
lengths of the lines can then be determined from (8.84) and (8.85); to get the best response 
near cutoff, these lengths should be evaluated at a> — co c . Combining the results of (8.84) 
and (8.85) with the scaling equations of (8.67) allows the electrical lengths of the inductor 
sections to be calculated as 



PI 



LRq 

Zh 



(inductor) 



and the electrical length of the capacitor sections as 

CZ e 



0t = 



(capacitor), 



(8.86a) 



(8.86b) 




where Ro is the filter impedance and L and C are the normalized element values (the gk) 
of the low-pass prototype. 



EXAMPLE 8.6 STEPPED-IMPEDANCE FILTER DESIGN 

Design a stepped-impedance low-pass filter having a maximally fiat response and 
a cutoff frequency of 2.5 GHz. It is desired to have more than 20 dB insertion 
loss at 4 GHz. The filter impedance is 50 Q\ the highest practical line impedance 
is 120 £2, and the lowest is 20 £2. Consider the effect of losses when this filter is 
implemented with a microstrip substrate having d — 0.158 cm, e r — 4.2, tan S — 
0.02, and copper conductors of 0.5 mil thickness. 



Solution 

To use Figure 8.26 we calculate 



a> 
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- 1 
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FIGURE 8.40 Filter design for Example 8.6. (a) Low-pass filter prototype circuit, (b) Stepped- 
impedance implementation, (c) Microstrip layout of final filter. 
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then the figure indicates N — 6 should give the required attenuation at 4.0 GHz. 
Table 8.3 gives the low-pass prototype values as 



81 


= 0.517 = 


Ci, 


82 


= 1.414 = 




S3 


= 1.932 = 


c 3 , 


84 


= 1.932 = 




85 


= 1.414 = 


c 5 , 


86 


= 0.517 = 


u. 



The low -pass prototype filter is shown in Figure 8.40a. 

Next, (8.86a) and (8.86b) are used to replace the series inductors and shunt 
capacitors with sections of low-impedance and high-impedance lines. The re- 
quired electrical line lengths, pi, ■, along with the physical microstrip line widths, 
Wi, and lengths, are given in the table below. 



Section 


Z, = Z e orZ h (Q) 


Hi (deg) 


Wi (mm) 


li (mm) 


1 


20 


11.8 


11.3 


2.05 


2 


120 


33.8 


0.428 


6.63 


3 


20 


44.3 


11.3 


7.69 


4 


120 


46.1 


0.428 


9.04 


5 


20 


32.4 


11.3 


5.63 


6 


120 


12.3 


0.428 


2.41 



The final filter circuit is shown in Figure 8.40b, with Zi — 20 Q. and Z/, = 
120 £2. Note that fit < 45° for all but one section. The microstrip layout of the 
filter is shown in Figure 8.40c. 

Figure 8.41 shows the calculated amplitude response of the filter, with and 
without losses. The effect of loss is to increase the passband attenuation to about 
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Frequency (GHz) 



FIGURE 8.41 Amplitude response of the stepped-impedance low-pass filter of Example 8.6, with 
(dotted line) and without (solid line) losses. The response of the corresponding 
lumped-element filter is also shown. 
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1 dB at 2 GHz. The response of the corresponding lumped-element filter is also 
shown in Figure 8.41. The passband characteristic is similar to that of the stepped 
impedance filter, but the lumped-element filter gives more attenuation at higher 
frequencies. This is because the stepped-impedance filter elements depart sig- 
nificantly from the lumped-element values at higher frequencies. The stepped- 
impedance filter may have other passbands at higher frequencies, but the response 
will not be perfectly periodic because the lines are not commensurate. ■ 



COUPLED LINE FILTERS 

The parallel coupled transmission lines discussed in Section 7.6 (for directional couplers) 
can be used to construct many types of filters. Fabrication of multisection bandpass or 
bandstop coupled line filters is particularly easy in microstrip or stripline form for band- 
widths less than about 20%. Wider bandwidth filters generally require very tightly coupled 
lines, which are difficult to fabricate. We will first study the filter characteristics of a single 
quarter-wave coupled line section, and then show how these sections can be used to design 
a bandpass filter [7]. Other filter designs using coupled lines can be found in reference [1]. 



Filter Properties of a Coupled Line Section 

A parallel coupled line section is shown in Figure 8.42a, with port voltage and current 
definitions. We will derive the open-circuit impedance matrix for this four-port network by 
considering the superposition of even- and odd-mode excitations [8], which are shown in 
Figure 8.42b. Thus, the current sources i\ and 13 drive the line in the even mode, while ii 
and ('4 drive the line in the odd mode. By superposition, we see that the total port currents, 
/;, can be expressed in terms of the even- and odd-mode currents as 

h = h + h, (8.87a) 

h = h - h, (8.87b) 

h = h ~ k, (8.87c) 

/ 4 = ; 3 + i 4 . (8.87d) 

First consider the line as being driven in the even mode by the i\ current sources. If 
the other ports are open-circuited, the impedance seen at port 1 or 2 is 

Z( n = -jZ 0e cotpe. (8.88) 

The voltage on either conductor can be expressed as 

4( 



vUz) = vhz) = V e + [e-^-V+e^-V] 



= 2V e + cos/3(£-z), (8.89) 

so the voltage at port 1 or 2 is 

v l a (0) = v l h (0) = 2V+ cos 0i = hZl. 
This result and (8.88) can be used to rewrite (8.89) in terms of i\ as 

vfa) = V 1( Z) = -jZ, e C °" m ~ Z) h- (8.90) 

sm pi 
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FIGURE 8.42 Definitions pertaining to a coupled line filter section, (a) A parallel coupled line 
section with port voltage and current definitions, (b) A parallel coupled line sec- 
tion with even- and odd-mode current sources, (c) A two-port coupled line section 
having a bandpass response. 



Similarly, the voltages due to current sources ii driving the line in the even mode are 

(8.91) 



v a(z) = *W) = -J Z 0e . „„ t3- 



Now consider the line as being driven in the odd mode by current ii- If the other ports 
are open-circuited, the impedance seen at port 1 or 2 is 

Z? = -jZooCtf.pt. (8.92) 

The voltage on either conductor can be expressed as 

v 2 a (z) = -v 2 b (z) = V+[e-)^ z - l) + e-iP (z - l) ] = 2V+ cos P(l - z). (8.93) 

Then the voltage at port 1 or port 2 is 

«£(0) = -«£(0) = 2V+COS/U = i 2 Z° n . 
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This result and (8.92) can be used to rewrite (8.93) in terms of ii as 

v 2 a (z) = -v\{z) = -jZ 0 „ CO&P(i ~ Z) i 2 - (8.94) 

sin pi 

Similarly, the voltages due to current 14 driving the line in the odd mode are 

a a cos Pz 

v A a (z) = -v 4 b (z) = -jZ 0o —^-i4. (8.95) 
sm pi 

The total voltage at port 1 is 

Vl = ^(0) + ^(0) + t; a 3 (0) + v>) 

= -j (Z 0e ii + Z 0o i 2 ) cot e - j (Zo e ; 3 + Zo„i 4 ) esc 9, (8.96) 

where the results of (8.90), (8.91), (8.94), and (8.95) were used, and 9 = pi. Next, we 
solve (8.87) for the ij in terms of the Is: 

h = \(h+h), (8.97a) 

ii = \{h-h), (8.97b) 

h= l -{h + U), (8.97c) 

U = \(h-h), (8.97d) 

and use these results in (8.96): 

Vi = —(Zoeh + Z 0e I 2 + Z 0o h - Zooh)cot9 

^(Zoeh + Z Qe I 4 + Z 0o h - Z 0o h)cscd. (8.98) 

This result yields the top row of the open-circuit impedance matrix [Z] that describes the 
coupled line section. From symmetry, all other matrix elements can be found once the first 
row is known. The matrix elements are then 

Zn = Z 22 = Z33 = Z 44 = ^ (Z Qe + Z Qo ) cot 9 (8.99a) 

Z12 = Z 2 i = Z 34 = Z 43 = ^ (Z 0e - Z 0o ) cot 9 (8.99b) 

Z13 = Z31 = Z 2 4 = Z 42 = -Y^ Z ° e ~ z 0o)csc6i (8.99c) 

Z M = Z41 = Z 23 = Z 32 = y (Z Qe + Z 0o ) esc 9 (8.99d) 

A two-port network can be formed from a coupled line section by terminating two 
of the four ports with either open or short circuits, or by connecting two ends; there are 
10 possible combinations, as illustrated in Table 8.8. As indicated in the table, the various 
circuits have different frequency responses, including low-pass, bandpass, all pass, and all 
stop. For bandpass filters, we are most interested in the case shown in Figure 8.42c, as open 
circuits are easier to fabricate in microstrip than are short circuits. In this case, 1% = I4 = 0, 
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TABLE 8.8 Ten Canonical Coupled Line Circuits 



Circuit 



Image Impedance 



Response 




2Z 0e Z 0o COS 6 



z n = ■ 



V(Z Oe + Z Oo ) 2 cos 2 0-(Z Of ,-Z Oo ) 2 



Re(Z«i) 




Low-pass 



Re(Z n ), 



2z Oe Z Q 0 sin ( 



V(Z 0c - Z 0o ) 2 - (Z Qe + Z Qo ) 2 cos 2 0 



77" 377" 



Bandpass 



Re(Z n ) 



V(z 0e - z 0o ) 2 - (z 0c + z 0 j 2 cos 2 e 



2 sin 0 



77 

Bandpass 



377 

2 



7 Zo, Z 0 „ 7< z o<. - z (i„) 2 - (Zo c + z o„) 2 cos 2 0 



Re(Z,) 



(Zfc + Zo„) sin 9 



Z {)e Z Q> 

z„ 



Bandpass 



77 3_77 
2 



Zn,, + Za, 



All pass 



Zn* + Zo, 



All pass 



3 



Z il - V Z 0e Z 0. 



All pass 




2Zn„Zn„ 

z,-i = -j „ - cote 



z„ = 



Z 0e + Z 0o 
Z ()e Z 0o 



All stop 



■o-C 



z ;i =j JZoeZoo tan 9 



All stop 




z il - ~j V ZqcZo 



All stop 
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FIGURE 8.43 The real part of the image impedance of the bandpass network of Figure 8.42c. 



so the four-port impedance matrix equations reduce to 

Vi = Z n h + Z l3 I 3 , 
V3 = Z31/1 + Z33/3, 



(8.100a) 
(8.100b) 



where Z (; is given in (8.99). 

We can analyze the filter characteristics of this circuit by calculating the image imped- 
ance (which is the same at ports 1 and 3), and the propagation constant. From Table 8.1, 
the image impedance in terms of the impedance parameters is 



Zi=JZ 



11 



Z 11 Z 13 

Z33 



= ^ V (Zoe ~ Zq 0 ) 2 CSC 2 9 - (Z Qe + Zoo) 2 cot 2 1 



(8.101) 



When the coupled line section is A/4 long (6 = n/2), the image impedance reduces to 



1 

Z; = 2^ Z ° e ~~ Z( >o), 



(8.102) 



which is real and positive since Zo e > Zq 0 . However, when 9 — > 0 or n, Z\ — > ± 700, 
indicating a stopband. The real part of the image impedance is sketched in Figure 8.43, 
where the cutoff frequencies can be found from (8.101) as 



cos 9\ = — cos 92 = 



ZQe — Zq 0 



Z()e + Zq 0 

The propagation constant can also be calculated from the results of Table 8. 1 as 

/Z11Z33 Zn ZQ e + Zq 0 



COS ji — 



Z 2 
z, 13 



Z13 Z 0e - Z 0o 



COS 9, 



(8.103) 



which shows /S is real for 9\ < 9 < 9 2 — n — 9\, where cos^i = (Zo e — Zo 0 )/(Zo e + 
Zq 0 )- 



Design of Coupled Line Bandpass Filters 

Narrowband bandpass filters can be made with cascaded coupled line sections of the form 
shown in Figure 8.42c. To derive the design equations for filters of this type, we first show 
that a single coupled line section can be approximately modeled by the equivalent circuit 
shown in Figure 8.44. We will do this by calculating the image impedance and propagation 
constant of the equivalent circuit and showing that they are approximately equal to those 
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-90° 



FIGURE 8.44 Equivalent circuit of the coupled line section of Figure 8.42c. 



of the coupled line section for 9 — n/2, which will correspond to the center frequency of 
the bandpass response. 

The ABCD parameters of the equivalent circuit can be computed using the ABCD 
matrices for transmission lines from Table 4. 1 : 



A B 
C D 



cos 9 jZosinf 
j sin 9 
Zq 



cos 9 



0 -j/J 
-jj 0 



cos 9 j Zo sin 9 
j sin 9 



Zo 



cos 9 



( JZ ° + Tz~) sin9cosd i(^ z l si " 2 6 

(JZq H ) sin 
JZq) 



cos 2 9 



JZ 2 



sin 2 9 — J cos 2 ( 



(8.104) 



The ABCD parameters of the admittance inverter were obtained by considering it as a 
quarter-wave length of transmission of characteristic impedance, 1/7. From (8.27) the 
image impedance of the equivalent circuit is 



Zi = 



1 B 



JZl sin 2 £ - (1/7) cos 2 # 



C J (l/7Z 2 )sin 2 6» - /cos 2 (9' 
which reduces to the following value at the center frequency, 9 — 7t/2: 

Zj = J Zq. 

From (8.31) the propagation constant is 

1 



cos ji 



— A — [JZq + -—] sin 
\ JZqJ 



(8.105) 



(8.106) 



(8.107) 



Equating the image impedances in (8.102) and (8.106), and the propagation constants of 
(8.103) and (8.107), yields the following equations: 

1 2 

Zo e + Zoo 1 

= J/o i > 

Zoc — Zoo J Zq 

where we have assumed sin0 ~ 1 for 9 near 7t/2. These equations can be solved for the 
even- and odd-mode line impedances to give 



z Qe = z 0 [i + yzo + (yz 0 ) 2 ], 
z 0o = z 0 [i-/Zo + (yzo) 2 ]. 



(8.108a) 
(8.108b) 



Now consider a bandpass filter composed of a cascade of N + 1 coupled line sections, 
as shown in Figure 8.45a. The sections are numbered from left to right, with the load on the 
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FIGURE 8.45 Development of an equivalent circuit for derivation of design equations for a cou- 
pled line bandpass filter, (a) Layout of an (N + l)-section coupled line bandpass 
filter, (b) Using the equivalent circuit of Figure 8.44 for each coupled line section, 
(c) Equivalent circuit for transmission lines of length 28. (d) Equivalent circuit 
of the admittance inverters, (e) Using results of (c) and (d) for the N — 2 case, 
(f) Lumped-element circuit for a bandpass filter for N — 2. 
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right, but the filter can be reversed without affecting the response. Since each coupled line 
section has an equivalent circuit of the form shown in Figure 8.44, the equivalent circuit of 
the cascade is as shown in Figure 8.45b. Between any two consecutive inverters we have 
a transmission line section that is effectively 26 in length. This line is approximately X/2 
long in the vicinity of the bandpass region of the filter, and has an approximate equivalent 
circuit that consists of a shunt parallel LC resonator, as in Figure 8.45c. 

The first step in establishing this equivalence is to find the parameters for the T- 
equivalent and ideal transformer circuit of Figure 8.45c (an exact equivalent). The ABCD 
matrix for this circuit can be calculated using the results in Table 4. 1 for a T-circuit and an 
ideal transformer: 



A 
C 



B 
D 



Zl2 

1 



7 Z — 7 
Z 12 

Zn 
Z12 



12 



1 0 



-11 



'12 



-1 
L ~Z~n~ 



Zl2 

-Zn 



Zn 



(8.109) 



Equating this result to the ABCD parameters for a transmission line of length 26 and char- 
acteristic impedance Zq gives the parameters of the equivalent circuit as 



Zl2 = 



1 



jZo 



C sin 29' 
Zn = Z22 = —ZnA — -jZocot26. 



Then the series arm impedance is 



cos 26 + 1 

Zn - Z l2 = -jZo — . — = -;Z 0 cot£. 
sin 26 



(8.110a) 
(8.110b) 

(8.111) 



The 1: —1 transformer provides a 180° phase shift, which cannot be obtained with the 
T-network alone; since this does not affect the amplitude response of the filter, it can be 
discarded. For 6 ~ ir/2 the series arm impedances of (8.111) are near zero and can also be 
ignored. The shunt impedance Zn, however, looks like the impedance of a parallel reso- 
nant circuit for 6 ~ jt/2. If we let co — coo + Aco, where 6 — tt/2 at the center frequency 
(Do, then we have 26 — pi — coi/v p — (coo + Aco)ti/coo — n(\ + Aco/coo), so (8.110a) 
can be written for small Aco as 



-12 



jZo 



-jZocoo 



sin7r(l + Aco/coo) jt(&> — a>o) 
From Section 6.1 the impedance near resonance of a parallel LC circuit is 



Z = 



2(a> - coo) ' 



(8.112) 



(8.113) 



with cDq — 1/LC. Equating this to (8.1 12) gives the equivalent inductor and capacitor val- 
ues as 



L = 



2Z Q 

TZCOq ' 
1 



7T 



OqL 2Zq&>o 



(8.114a) 
(8.114b) 



The end sections of the circuit of Figure 8.45b require a different treatment. The lines 
of length 6 on either end of the filter are matched to Zo and so can be ignored. The end 
inverters, J\ and Jn+i, can each be represented as a transformer followed by a X/4 section 
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of line, as shown in Figure 8.45d. The ABCD matrix of a transformer with a turns ratio N 
in cascade with a quarter-wave line is 

-j z o i 









- 1 






" A 


B~ 






0 




C 


D 




N 
. 0 


N _ 





0 

-j 

Zo 



-jZo 
0 



0 
-jN 



N 
0 



(8.115) 



Zo 

Comparing this to the ABCD matrix of an admittance inverter [part of (8.104)] shows that 
the necessary turns ratio is N — JZq. The A/4 line merely produces a phase shift and so 
can be ignored. 

Using these results for the interior and end sections allows the circuit of Figure 8.45b 
to be transformed into the circuit of Figure 8.45e, which is specialized to the N — 2 case. 
We see that each pair of coupled line sections leads to an equivalent shunt LC resonator, 
and an admittance inverter occurs between each pair of LC resonators. Next, we show 
that the admittance inverters have the effect of transforming a shunt LC resonator into 
a series LC resonator, leading to the final equivalent circuit of Figure 8.45f (shown for 
N = 2). This will then allow the admittance inverter constants, J n , to be determined from 
the element values of a low-pass prototype. We will demonstrate this for the N — 2 case. 

With reference to Figure 8.45e, the admittance just to the right of the J 2 inverter is 



jcoC 2 + 




co • 



since the transformer scales the load admittance by the square of the turns ratio. Then the 
admittance seen at the input of the filter is 



Y = 



J 2 Z 2 




J4 



jcoLi ' jy/C 2 /L 2 [(co/coo) - (coo/co)] + ZoJ} 



j^/C 2 /L 2 [(co/coo) - (coo/co)] + ZoJi 



(8.116) 



These results also use the fact, from (8.1 14), that L n C„ — 1 /cOq for all LC resonators. 
Now the admittance seen looking into the circuit of Figure 8.45f is 



Y = jcoC[ + —— + 



1 



jcoL\ jcoL' 2 + l/jcoC'2 + Zq 



= J 




j^L' 2 /C 2 [(co/coo) - (coo/co)] + Zo ' 



(8.117) 



which is identical in form to (8.116). Thus, the two circuits will be equivalent if the fol- 
lowing conditions are met: 



(8.118a) 
(8.118b) 
(8.118c) 




; 2 7 3 j2 



Z 0 . 
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We know L n and C„ from (8.1 14); L' n and C' n are determined from the element values 
of a lumped-element low-pass prototype that has been impedance scaled and frequency 
transformed to a bandpass filter. Using the results in Table 8.6 and the impedance scaling 
formulas of (8.64) allows the L' n and C' n values to be written as 



AZq 
gi 

g2Zp 

Aa>o ' 
A 

0>Og2Zo' 



(8.119a) 
(8.119b) 
(8.119c) 
(8.1 19d) 



where A = (C02 — &>i)/&>o is the fractional bandwidth of the filter. Then (8.118) can be 
solved for the inverter constants with the following results (for N = 2): 



J7 T7 2(C2C> 2 \ 1/4 *A 



J3Z0 




(8.120a) 
(8.120b) 
(8.120c) 



After the J n are found, Zo e and Zq„ for each coupled line section can be calculated from 
(8.108). 

The above results were derived for the special case of N = 2 (three coupled line sec- 
tions), but more general results can be derived for any number of sections, and for the case 
where Zl ^ Zq (or gN+i 7^ 1, as in the case of an equal-ripple response with jV even). 
Thus, the design equations for a bandpass filter with N + 1 coupled line sections are 




for n = 2, 3, . . . , N, 



(8.121a) 
(8.121b) 

(8.121c) 




2gNgN+l 

The even- and odd-mode characteristic impedances for each section are found from (8. 108). 

EXAMPLE 8.7 COUPLED LINE BANDPASS FILTER DESIGN 

Design a coupled line bandpass filter with N = 3 and a 0.5 dB equal-ripple re- 
sponse. The center frequency is 2.0 GHz, the bandwidth is 10%, and Zo = 50 £2. 
What is the attenuation at 1.8 GHz? 
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Solution 

The fractional bandwidth is A = 0.1. We can use Figure 8.27a to obtain the at- 
tenuation at 1.8 GHz, but first we must use (8.71) to convert this frequency to the 
normalized low-pass form (co c — 1): 



l/co co 0 \ _ 1 /1.8 2.0\ 
M *~ A V^o ~ ~o> ) ~ OTT VZO ~ L8/ 
Then the value on the horizontal scale of Figure 8.27a is 



- -2.11. 



1 = I -2.111 - 1 = 1.11, 



which indicates an attenuation of about 20 dB for N — 3. 

The low-pass prototype values, g n , are given in Table 8.4; then (8.121) can 
be used to calculate the admittance inverter constants, J n . Finally, the even- and 
odd-mode characteristic impedances can be found from (8.108). These results are 
summarized in the following table: 



n 


gn 


ZqJii 


Z 0e (Q) 


Z 0o (£2) 


1 


1.5963 


0.3137 


70.61 


39.24 


2 


1.0967 


0.1187 


56.64 


44.77 


3 


1.5963 


0.1187 


56.64 


44.77 


4 


1.0000 


0.3137 


70.61 


39.24 



Note that the filter sections are symmetric about the midpoint. The calculated 
response of this filter is shown in Figure 8.46; passbands also occur at 6 GHz, 
10 GHz, etc. ■ 

Many other types of filters can be constructed using coupled line sections; most of 
these are of the bandpass or bandstop variety. One particularly compact design is the inter- 
digitated filter, which can be obtained from a coupled line filter by folding the lines at their 
midpoints; see references [1] and [3] for details. 
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FIGURE 8.46 Amplitude response of the coupled line bandpass filter of Example 8.7. 
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FILTERS USING COUPLED RESONATORS 

We have seen that bandpass and bandstop filters require elements that behave as series or 
parallel resonant circuits; the coupled line bandpass filters of the previous section were of 
this type. Here we will consider several other types of microwave filters that use transmis- 
sion line or cavity resonators. 



Bandstop and Bandpass Filters Using Quarter-Wave Resonators 

From Chapter 6 we know that quarter-wave open-circuited or short-circuited transmission 
line stubs look like series or parallel resonant circuits, respectively. We can therefore use 
such stubs in shunt along a transmission line to implement bandpass or bandstop filters, 
as shown in Figure 8.47. Quarter-wavelength sections of line between the stubs act as 
admittance inverters to effectively convert alternate shunt resonators to series resonators. 
The stubs and the transmission line sections are X/4 long at the center frequency, wq. 

For narrow bandwidths the response of such a filter using N stubs is essentially the 
same as that of a coupled line filter using N + 1 sections. The internal impedance of the 
stub filter is Zq, while in the case of the coupled line filter end sections are required to trans- 
form the impedance level. This makes the stub filter more compact and easier to design. 
A disadvantage, however, is that a filter using stub resonators often requires characteristic 
impedances that are difficult to realize in practice. 

We first consider a bandstop filter using N open-circuited stubs, as shown in Fig- 
ure 8.47a. The design equations for the required stub characteristic impedances, Zq„, will 
be derived in terms of the element values of a low-pass prototype through the use of an 
equivalent circuit. The analysis of the bandpass version, using short-circuited stubs, fol- 
lows the same procedure, so the design equations for this case are presented without de- 
tailed derivation. 

As indicated in Figure 8.48a, an open-circuited stub can be approximated as a se- 
ries LC resonator when its length is near 90°. The input impedance of an open-circuited 




FIGURE 8.47 Bandstop and bandpass filters using shunt transmission line resonators (9 — it/2 
at the center frequency), (a) Bandstop filter, (b) Bandpass filter. 



438 Chapter 8: Microwave Filters 




0 = tt/2 at o) = to Q 

(a) 




(c) 



FIGURE 8.48 Equivalent circuit for the bandstop filter of Figure 8.47a. (a) Equivalent circuit of 
an open-circuited stub for 6 near tt/2. (b) Equivalent filter circuit using resonators 
and admittance inverters, (c) Equivalent lumped-element bandstop filter. 



transmission line of characteristic impedance Zq„ is 

Z - -jZ Qn cotO, 

where 9 — tt/2 for co — con. If we let co — coq + Aco, where Aco <C coo, then 9 — (tt/2) 
(1 + Aco/coo), and this impedance can be approximated as 

TT Ad) j ZQ n TT (co — con) 

Z = jZ 0n tan ~ J (8.122) 

2(«o 2 two 

for frequencies in the vicinity of the center frequency, coq. The impedance of a series LC 
circuit is 

v ■ t 1 . \L n ( co co Q \ L„co-co 0 

Z = jcoL n + — - = j — 2j ~ 2jL n (co - co 0 ), 

jcoC n V C„ \coq co J y C„ coq 

(8.123) 

where L n C n — 1/(0q. Equating (8.122) and (8.123) gives the characteristic impedance of 
the stub in terms of the resonator parameters: 

Z 0 „ = ^. (8.124) 

TT 
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Then, if we consider the quarter-wave sections of line between the stubs as ideal ad- 
mittance inverters, the bandstop filter of Figure 8.47a can be represented by the equivalent 
circuit of Figure 8.48b. Next, the circuit elements of this equivalent circuit can be related 
to those of the lumped-element bandstop filter prototype of Figure 8.48c. 

With reference to Figure 8.48b, the admittance Y seen looking toward the L 2 C 2 res- 
onator is 

-1 



1 



jcoL 2 + (l/jcoC 2 ) 
1 



+ 



1 

^0 



1 



+ 



1 



ja>L\ + \/ja>C\ Z 0 



j^L 2 /C 2 [(co/co Q ) - (coo/ co)] 



+ 



z 0 I j<JLi/Ci[(to/to a ) - (coq/co)] 



Z 0 



The admittance at the corresponding point in the circuit of Figure 8.48c is 
Y = JcoU 2 + \/ja>C 2 + {jcoC[ + \/jcoL\ + Z °) 



j^L' 2 /C' 2 [(co/co a ) - (coo/co)] 



+ 



Zq 



These two results will be equivalent if the following conditions are satisfied: 




Since L n C„ — L' n C' n — 1 /q)q, these results can be solved for L n : 



(8.125) 



(8.126) 



(8.127a) 
(8.127b) 



Li = 



co 0 L 1 
Lo = L't. 



(8.128a) 



(8.128b) 



Using (8.124) and the impedance-scaled bandstop filter elements from Table 8.6 gives the 
stub characteristic impedances as 

4Z^ 4Z 0 
Z01 = Q — = °-, (8.129a) 



Z02 



JtCOQL'y 

AcoqL' 2 



4Z 0 



(8.129b) 



where A = {m 2 — a, i)/<wo is the fractional bandwidth of the filter. It is easy to show that 
the general result for the characteristic impedances of a bandstop filter is 



4Z 0 



(8.130) 
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For a bandpass filter using short-circuited stub resonators the corresponding result is 

Z 0 n = -r^—. (8.131) 

These results only apply to filters having input and output impedances of Zo and so cannot 
be used for equal-ripple designs with N even. 



EXAMPLE 8.8 BANDSTOP FILTER DESIGN 

Design a bandstop filter using three quarter-wave open-circuit stubs. The center 
frequency is 2.0 GHz, the bandwidth is 15%, and the impedance is 50 Q. Use an 
equal-ripple response, with a 0.5 dB ripple level. 

Solution 

The fractional bandwidth is A = 0.15. Table 8.4 gives the low-pass prototype 
values, g„, for N = 3. Then the characteristic impedances of the stubs can be 
found from (8.130). The results are listed in the following table: 



gn Z Qn (fi) 



1 1.5963 265.9 

2 1.0967 387.0 

3 1.5963 265.9 



The filter circuit is shown in Figure 8.47a, with all stubs and transmission line 
sections X/4 long at 2.0 GHz. The calculated attenuation for this filter is shown in 
Figure 8.49; the ripple in the passbands is somewhat greater than 0.5 dB as a result 
of the approximations involved in the development of the design equations. ■ 



The performance of quarter-wave resonator filters can be improved by allowing the 
characteristic impedances of the interconnecting lines to be variable; then an exact cor- 
respondence with coupled line bandpass or bandstop filters can be demonstrated. Design 
details for this case can be found in reference [1]. 
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FIGURE 8.49 Amplitude response of the bandstop filter of Example 8.8. 



8.8 Filters Using Coupled Resonators 441 




(a) 



7*1 g jB 2 ^ jB 3 
o-||-o o-||-o 0-||-0 ■ 

Z 0 Z 0 Z 0 

o — o o — o o — o ■ 



(b) 

<h jB <h 

2 ' ' 2 4> 2 2 

— -^-0-| |-C— ^3 O 0-||-O^< 

z 0 z 0 z 0 z 0 z 0 



o|fo- 



-O O O O 



^ > A'+ 1 <t>N+ 1 

2 \ T^/v +i / 2 
oJLh^^o-JL^— 



Zo 



z 0 z 0 z 0 



-o— — <^—o — o- 



(c) 




(d) 



FIGURE 8.50 Development of the equivalence of a capacitive-gap coupled resonator bandpass 
filter to the coupled line bandpass filter of Figure 8.45. (a) The capacitive-gap 
coupled resonator bandpass filter, (b) Transmission line model, (c) Transmission 
line model with negative-length sections forming admittance inverters (4>i/2 < 0). 
(d) Equivalent circuit using inverters and A/2 resonators (4> = it at wq). This cir- 
cuit is identical in form with the coupled line bandpass filter equivalent circuit of 
Figure 8.45b. 



Bandpass Filters Using Capacitively Coupled Series Resonators 

Another type of bandpass filter that can be conveniently fabricated in microstrip or stripline 
form is the capacitive-gap coupled resonator filter shown in Figure 8.50. An Nth-order 
filter of this form will use N resonant series sections of transmission line with N + 1 
capacitive gaps between them. These gaps can be approximated as series capacitors; design 
data relating the capacitance to the gap size and transmission line parameters is given in 
graphical form in reference [1]. The filter can then be modeled as shown in Figure 8.50b. 
The resonators are approximately A/2 long at the center frequency, coq. 

Next, we redraw the equivalent circuit of Figure 8.50b with negative-length transmis- 
sion line sections on either side of the series capacitors. The lines of length <p will be A/2 
long at a>o, so the electrical length of the ;'th section in Figures 8.50a, b is 

e^n + ^i + ^i+i for; = 1, 2, ...,N, (8.132) 

with 4>j < 0. The reason for doing this is that the combination of series capacitor and 
negative-length transmission lines forms the equivalent circuit of an admittance inverter, as 
seen from Figure 8.38c. In order for this equivalence to be valid, the following relationship 



442 Chapter 8: Microwave Filters 




must hold between the electrical length of the lines and the capacitive susceptance: 

4>i =-tan- 1 (2Z 0 Bi)- (8.133) 
Then the resulting inverter constant can be related to the capacitive susceptance as 

(These results are given in Figure 8.38, and their derivation is requested in Problem 8.14.) 

The capacitive-gap coupled filter can then be modeled as shown in Figure 8.50d. Now 
consider the equivalent circuit shown in Figure 8.45b for a coupled line bandpass filter. 
Since these two circuits are identical (as cf> — 26 — 7t at the center frequency), we can use 
the results from the coupled line filter analysis to complete the present problem. Thus, 
we can use (8.121) to find the admittance inverter constants, , from the low-pass proto- 
type values, gi, and the fractional bandwidth, A. As in the case of the coupled line filter, 
there will be N + 1 inverter constants for an Mh-order filter. Then (8.134) can be used 
to find the susceptance, Z?,, for the ith coupling gap. Finally, the electrical length of the 
resonator sections can be found from (8.132) and (8.133): 

6i = it - -[tan- 1 (2Z 0 B/) + tan -1 (2Z 0 B 1+ i)]. (8.135) 



EXAMPLE 8.9 CAPACITIVELY COUPLED SERIES RESONATOR BANDPASS 
FILTER DESIGN 

Design a bandpass filter using capacitive coupled series resonators, with a 0.5 dB 
equal-ripple passband characteristic. The center frequency is 2.0 GHz, the band- 
width is 10%, and the impedance is 50 Q. At least 20 dB of attenuation is required 
at 2.2 GHz. 

Solution 

We first determine the order of the filter to satisfy the attenuation specification at 
2.2 GHz. Using (8.71) to convert to normalized frequency gives 



A \&>o to) 0.1 \2.0 2.2 ^ 



Then, 



co 
co c 



1 = 1.91 - 1.0 = 0.91. 



From Figure 8.27a, we see that N = 3 should satisfy the attenuation specification 
at 2.2 GHz. The low-pass prototype values are given in Table 8.4, from which the 
inverter constants can be calculated using (8. 121). Then the coupling susceptances 
can be found from (8.134), and the coupling capacitor values as 

r — B " 

COQ 



Finally, the resonator lengths can be calculated from (8.135). The following table 
summarizes these results. 
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FIGURE 8.51 Amplitude response for the capacitive-gap coupled series resonator bandpass filter 
of Example 8.9. 



n 


gn 




B n 


C„ ( P F) 


On (deg) 


1 


1.5963 


0.3137 


6.96 x 10" 3 


0.554 


155.8 


2 


1.0967 


0.1187 


2.41 x 10 -3 


0.192 


166.5 


3 


1.5963 


0.1187 


2.41 x 10 -3 


0.192 


155.8 


4 


1.0000 


0.3137 


6.96 x 10" 3 


0.554 





The calculated amplitude response is plotted in Figure 8.51. The specifica- 
tions of this filter are the same as the coupled line bandpass filter of Example 8.8, 
and comparison of the results in Figures 8.51 and 8.46 shows that the responses 
are identical near the passband region. ■ 



Bandpass Filters Using Capacitively Coupled Shunt Resonators 

A related type of bandpass filter is shown in Figure 8.52, where short-circuited shunt res- 
onators are capacitively coupled with series capacitors. An Mh-order filter will use N 
stubs, which are slightly shorter than A/4 at the filter center frequency. The short-circuited 
stub resonators can be made from sections of coaxial line using ceramic materials having 
a very high dielectric constant and low loss, resulting in a very compact design even at 
UHF frequencies [9]. Such filters are often referred to as ceramic resonator filters and are 




FIGURE 8.52 A bandpass filter using capacitively coupled shunt stub resonators. 
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among the most common types of RF bandpass niters used in portable wireless systems. 
Most cellular telephones, GPS receivers, and other wireless devices employ two or more 
filters of this type. 

Operation and design of this filter can be understood by beginning with the general 
bandpass filter circuit of Figure 8.53a, where shunt LC resonators alternate with admit- 
tance inverters. As in the case of previous coupled resonator bandpass and bandstop filters, 
the function of the admittance inverters is to convert alternate shunt resonators to series 
resonators; the extra inverters at the ends serve to scale the impedance level of the filter to 
a realistic level. Using an analysis similar to that used for the bandstop filter, we can derive 
the admittance inverter constants as 



(8.136a) 
(8.136b) 




4gNgN+l 

Similarly, the coupling capacitor values can be found as 



ttA 

ZqJn,n+i—J- ■ (8.136c) 



Coi = , J ° l (8.137a) 

C„,„+i = ^±i, (8.137b) 
coo 

C N , N+ i = JN ' N+1 =. (8.137c) 



<moa/1 - (ZoJn, n+i) 2 

Note that the end capacitors are treated differently than the internal elements. 

Next, we replace the admittance inverters of Figure 8.53a with the equivalent it- 
network of Figure 8.38d, to produce the equivalent lumped-element circuit shown in Figure 
8.53b. Note that the shunt capacitors of the admittance inverter circuits are negative, but 
these elements combine in parallel with the larger capacitor of the LC resonator to yield a 
net capacitance value that is positive. The resulting circuit is shown in Figure 8.53c, where 
the effective resonator capacitor values are given by 

C' n — C n + AC n — C n — C n -i tn — C/,,1,+1, (8.138) 

where AC„ = —C n -i y „ — C„, n +i represents the change in the resonator capacitance 
caused by the parallel addition of the inverter elements. 

Finally, the shunt LC resonators of Figure 8.53c are replaced with short-circuited trans- 
mission stubs, as in the circuit of Figure 8.52. Note that the resonant frequency of the stub 
resonators is no longer coo, since the resonator capacitor values have been modified by the 
AC„. This implies that the length of the resonator is less than k/4 at coo, the filter center 
frequency. The transformation of the stub length to account for the change in capacitance 
is illustrated in Figure 8.53d. A short-circuited length of line with a shunt capacitor at its 
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input has an input admittance of 

Y = Y L +jco 0 C, (8.139a) 

where 

-j cot pi 



Y L = 



Zq 



If the capacitor is replaced with a short length, A£, of transmission line, the input admit- 
tance would be 



1 Yl + j ± tan 0 At pM 

Yl + j — — — . (8.139b) 




The last approximation follows for ftAl <C 1, which is true in practice for filters of this 
type. Comparing (8.139b) with (8.139a) gives the change in stub length in terms of the 
capacitor value: 

M= Z^ = /ZocooC\ (gi4o) 

Note that if C < 0, then Al < 0, indicating a shortening of the stub length. Thus the overall 
stub length is given by 

where AC n is defined in (8.138). The characteristic impedance of the stub resonators is Zq. 

Dielectric material properties play a critical role in the performance of ceramic res- 
onator filters. Materials with high dielectric constants are required in order to provide 
miniaturization at the frequencies typically used for wireless applications. Losses must 
be low to provide resonators with high Q, leading to low passband insertion loss and 
maximum attenuation in the stopbands. In addition, the dielectric constant must be stable 
with changes in temperature to avoid drifting of the filter passband over normal operat- 
ing conditions. Most materials that are commonly used in dielectric resonator filters are 
ceramics, such as barium tetratitanate, zinc/strontium titanate, and various titanium oxide 
compounds. For example, a zinc/strontium titanate ceramic material has a dielectric con- 
stant of 36, a Q of 10,000 at 4 GHz, and a dielectric constant temperature coefficient of 
-7 ppm/C°. 



EXAMPLE 8.10 CAPACITIVELY COUPLED SHUNT RESONATOR BANDPASS 
FILTER DESIGN 

Design a third-order bandpass filter with a 0.5 dB equal-ripple response using 
capacitively coupled short-circuited shunt stub resonators. The center frequency is 
2.5 GHz, and the bandwidth is 10%. The impedance is 50 Q. What is the resulting 
attenuation at 3.0 GHz? 

Solution 

We first calculate the attenuation at 3.0 GHz. Using (8.71) to convert 3.0 GHz to 
normalized low-pass form gives 



CO 



A \coo co J 0.1 \2.5 3.0/ 
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Then, to use Figure 8.27a, the value on the horizontal axis is 

- 1 = 1-3.6671 - 1 = 2.667, 



CO 



from which we find the attenuation as 35 dB. 

Next we calculate the admittance inverter constants and coupling capacitor 
values using (8.136) and (8.137): 



n 


gn 


Z 0 J n . 


-l,n 


r 


-l,n (PR 


1 


1.5963 


z 0 J 0l = 


0.2218 


Q)l 


= 0.2896 


2 


1.0967 


Z qJ\2 - 


0.0594 


Cl2 


= 0.0756 


3 


1.5963 


Z 0^23 = 


0.0594 


0>3 


= 0.0756 


4 


1.0000 


ZqJ 34 - 


0.2218 


C34 


= 0.2896 



Then we use (8.138), (8.140), and (8.141) to find the required resonator lengths: 



n AC„ (pF) Al n (X) l(deg) 

1 -0.3652 -0.04565 73.6 

2 -0.1512 -0.0189 83.2 

3 -0.3652 -0.04565 73.6 



Note that the resonator lengths are slightly less than 90° (A/4). The calculated 
amplitude response of this design is shown in Figure 8.54. The stopband rolloff at 
high frequencies is less than at lower frequencies, and the attenuation at 3 GHz is 
seen to be about 30 dB, while our calculated value for a canonical lumped-element 
bandpass filter was 35 dB. ■ 
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FIGURE 8.55 Photograph of a wideband down converter. Multiple PIN diode switches, filter 
banks, amplifiers, and mixers are used to cover the range of 10 MHz to 27 GHz. 
Several types of filters can be seen in this module, including stub filters, coupled 
line filters, and stepped impedance filters. The microstrip stub filter at left is a low- 
pass 21-pole filter with a cutoff frequency of 5.4 GHz and more than 75 dB of 
rejection from 5.8 to 9.0 GHz. 
Courtesy of LNX Corporation, Salem, N.H. 

Figure 8.55 shows a wideband receiver downconverter module employing a variety of 
different filter types. 
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PROBLEMS 



8.1 Sketch the k-fi diagram for the infinite periodic structure shown below. Assume Zq — 75 £2, d — 
1.0 cm, k = ko, and Lq = 1.25 nH. 
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8.2 Verify the expression for the image impedance of a 7r -network given in Table 8.1. 

8.3 Compute the image impedances and propagation factor for the network shown below. 




8.4 Design a composite low-pass filter by the image parameter method with the following specifications: 
Rq = 50 Q, f c = 50 MHz, and fa = 52 MHz. Use CAD to plot the insertion loss versus frequency. 

8.5 Design a composite high-pass filter by the image parameter method with the following specifications: 
Rq = 15Q, f c = 5Q MHz, and fa = 48 MHz. Use CAD to plot the insertion loss versus frequency. 

8.6 Solve the design equations in Section 8.3 for the elements of an N = 2 equal-ripple filter if the ripple 
specification is 1.0 dB. 

8.7 Design a low-pass, maximally flat lumped-element filter having a passband of 0-2 GHz, and an 
attenuation of at least 20 dB at 3.4 GHz. The characteristic impedance is 50 f2. Use CAD to plot the 
insertion loss versus frequency. 

8.8 Design a high-pass lumped-element filter with a 3 dB equal-ripple response, a cutoff frequency of 
3 GHz, and at least 30 dB insertion loss at 2.0 GHz. The characteristic impedance is 75 Q. Use CAD 
to plot the insertion loss versus frequency. 

8.9 Design a four-section bandpass lumped-element filter having a maximally flat group delay response. 
The bandwidth should be 5% with a center frequency of 2 GHz. The impedance is 50 £2. Use CAD 
to plot the insertion loss versus frequency. 

8.10 Design a three-section bandstop lumped-element filter with a 0.5 dB equal-ripple response, a band- 
width of 10% centered at 3 GHz, and an impedance of 75 Q,. What is the resulting attenuation at 
3.1 GHz? Use CAD to plot the insertion loss versus frequency. 

8.11 Verify the second Kuroda identity in Table 8.7 by calculating the ABCD matrices for both circuits. 

8.12 Design a low-pass, third-order, maximally flat filter using only series stubs. The cutoff frequency is 
6 GHz and the impedance is 50 Q. Use CAD to plot the insertion loss versus frequency. 

8.13 Design a low-pass, fourth-order, maximally flat filter using only shunt stubs. The cutoff frequency is 
8 GHz and the impedance is 50 fi. Use CAD to plot the insertion loss versus frequency. 

8.14 Verify the operation of the admittance inverter of Figure 8.38c by calculating its ABCD matrix and 
comparing it to the ABCD matrix of the admittance inverter made from a quarter-wave line. 

8.15 Show that the 7r-equivalent circuit for a short length of transmission line leads to equivalent cir- 
cuits identical to those in Figures 8.39b and 8.39c for large and small characteristic impedance, 
respectively. 

8.16 Design a stepped-impedance low-pass filter having a cutoff frequency of 3 GHz and a fifth-order 
0.5 dB equal-ripple response. Assume Rq — 50 Q, Zg — 15 Q, and Z/, = 120 Q. (a) Find the re- 
quired electrical lengths of the five sections, and use CAD to plot the insertion loss from 0 to 
6 GHz. (b) Lay out the microstrip implementation of the filter on an FR4 substrate having e r = 4.2, 
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d — 0.079 cm, and tan S = 0.02, and with copper conductors 0.5 mil thick. Use CAD to plot the 
insertion loss versus frequency in the passband of the filter, and compare with the lossless case. 

8.17 Design a stepped-impedance low-pass filter with f c — 2.0 GHz and Rq — 50 £2, using the exact 
transmission line equivalent circuit of Figure 8.39a. Assume a maximally flat N — 5 response, and 
solve for the necessary line lengths and impedances if = 10 Q and Z/, = 150 Q. Use CAD to 
plot the insertion loss versus frequency. 

8.18 Design a four-section coupled line bandpass filter with a 0.5 dB equal ripple response. The center 
frequency is 2.45 GHz, the bandwidth is 10%, and the impedance is 50 £2. (a) Find the required 
even- and odd-mode impedances of the coupled line sections, and calculate the expected attenuation 
at 2.1 GHz. Use CAD to plot the insertion loss from 1.55 to 3.35 GHz. (b) Lay out the microstrip 
implementation of the filter on an FR4 substrate having e r — 4.2, d — 0.158 cm, and tan & — 0.01, 
and with copper conductors 0.5 mil thick. Use CAD to plot the insertion loss versus frequency in the 
passband of the filter, and compare with the lossless case. 

8.19 The Schijfman phase shifter, shown below, can produce a 90° differential phase shift over a relatively 
broad frequency range. It consists of a coupled line section of length 6, and a transmission line 
section of length 36; 6 — it/2 at midband. The characteristic impedance of the transmission line is 
z 0 = V z 0e z 0o' where Z$ e and Zq 0 are the even- and odd-mode impedances of the coupled line 
section. Use the analysis of Section 8.7 to find the phase shift through the coupled line section, and 
then find the differential phase shift between the two outputs. Plot the differential phase shift for 
8 = 0 to 7t for Zo e /Zo 0 = 2.7 and determine the bandwidth for which the phase shift is 90° ± 2.5°. 




8.20 Design a maximally flat bandstop filter using four open-circuited quarter-wave stub resonators. The 
center frequency is 3 GHz, the bandwidth is 15%, and the impedance is 40 fi. Use CAD to plot the 
insertion loss versus frequency. 

8.21 Design a bandpass filter using three quarter-wave short-circuited stub resonators. The filter should 
have a 0.5 dB equal-ripple response, a center frequency of 3 GHz, a 20% bandwidth, and an 
impedance of 100 Q. (a) Find the required characteristic impedances of the resonators, and use CAD 
to plot the insertion loss from 1 to 5 GHz. (b) Lay out the microstrip implementation of the filter 
on an FR4 substrate having e r = 4.2, d = 0.079 cm, and tan S = 0.02, and with copper conductors 
0.5 mil thick. Use CAD to plot the insertion loss versus frequency in the passband of the filter, and 
compare with the lossless case. 

8.22 Derive the design equation of (8. 1 3 1 ) for bandpass filters using quarter- wave shorted stub resonators. 

8.23 Design a bandpass filter using capacitive-gap coupled resonators. The response should be maximally 
flat, with a center frequency of 4 GHz, a bandwidth of 12%, and at least 12 dB attenuation at 3.6 GHz. 
The characteristic impedance is 50 Q. Find the electrical line lengths and the coupling capacitor 
values. Use CAD to plot the insertion loss versus frequency. 

8.24 A bandpass filter is to be used in a PCS receiver operating in the 824-849 MHz band, and must 
provide at least 30 dB isolation at the lowest end of the transmit frequency band (869-894 MHz). 
Design a 1 dB equal-ripple bandpass filter meeting these specifications using capacitively coupled 
short-circuited shunt stub resonators. Assume an impedance of 50 Q. 

8.25 Derive the design equations of (8.136) and (8.137) for the capacitively coupled shunt stub resonator 
bandpass filter. 



Chapter Nine 



Theory and Design 

of Ferrimagnetic Components 



The components and networks discussed up to this point have all been reciprocal. That is, 
the response between any two ports i and j of a component did not depend on the direction 
of signal flow (thus, 5/y = Sji). This will always be the case when the component is passive 
and consists of only isotropic materials, but if the component contains either active devices or 
anisotropic material, nonreciprocal behavior can be obtained. In some cases nonreciprocity is a 
useful property (e.g., circulators, isolators), while in other cases nonreciprocity is an ancillary 
property (e.g., transistor amplifiers, ferrite phase shifters). 

In Chapter 1 we discussed materials having electric anisotropy (tensor permittivity), and 
magnetic anisotropy (tensor permeability). Some of the most practical anisotropic materials for 
microwave applications are ferrimagnetic compounds, also known asferrites, such as yttrium 
iron garnet (YIG) and materials composed of iron oxides and various other elements such as 
aluminum, cobalt, manganese, and nickel. In contrast to ferromagnetic materials (e.g., iron, 
steel), ferrimagnetic compounds have high resistivity and a significant amount of anisotropy at 
microwave frequencies. As we will see, the magnetic anisotropy of a ferrimagnetic material is 
actually induced by applying a DC magnetic bias field. This field aligns the magnetic dipoles 
in the ferrite material to produce a net (nonzero) magnetic dipole moment, and causes the mag- 
netic dipoles to precess at a frequency controlled by the strength of the bias field. A microwave 
signal circularly polarized in the same direction as this precession will interact strongly with 
the dipole moments, while an oppositely polarized field will interact less strongly. Since, for 
a given direction of rotation, the sense of polarization changes with the direction of propa- 
gation, a microwave signal will propagate through a magnetically biased ferrite differently in 
different directions. This effect can be utilized to fabricate directional devices such as isola- 
tors, circulators, and gyrators. Another useful characteristic of ferrimagnetic materials is that 
the interaction with an applied microwave signal can be controlled by adjusting the strength of 
the bias field. This effect leads to a variety of control devices such as phase shifters, switches, 
and tunable resonators and filters. 

It is interesting to compare ferrimagnetic materials to paraelectric materials, which are 
almost the dual of ferrimagnetic materials. Certain ceramic compounds, such as lithium nio- 
bate and barium titanate, have the property that their dielectric permittivity can be controlled 
with the application of a DC bias electric field. Paraelectric materials can therefore be used for 
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variable phase shifters and other control components. Unlike ferrimagnetic materials, para- 
electric materials are isotropic, and therefore paraelectric devices are reciprocal. Paraelectric 
materials typically have very high dielectric constants and loss tangents when used in bulk 
form, so modern applications generally use thin films of paraelectric material layered on a sub- 
strate. An important advantage of paraelectric devices over ferrite devices is that the need for a 
large and heavy magnet or biasing coil is eliminated. 

We will begin by considering the microscopic behavior of a ferrimagnetic material and its 
interaction with a microwave signal to derive the permeability tensor. This macroscopic de- 
scription of the material can then be used with Maxwell's equations to analyze wave propaga- 
tion in an infinite ferrite medium and in a ferrite-loaded waveguide. These canonical problems 
will illustrate the nonreciprocal propagation properties of ferrimagnetic materials, including 
Faraday rotation and birefringence effects, and will be used in later sections when we discuss 
the operation and design of waveguide phase shifters and isolators. 



BASIC PROPERTIES OF FERRIMAGNETIC MATERIALS 

In this section we will show how the permeability tensor for a ferrimagnetic material can 
be deduced from a relatively simple microscopic view of the atom. We will also discuss 
how loss affects the permeability tensor and the demagnetization field inside a finite-sized 
piece of ferrite. 



The Permeability Tensor 

The magnetic properties of a material are due to the existence of magnetic dipole moments, 
which arise primarily from electron spin. From quantum mechanical considerations [1], the 
magnetic dipole moment of an electron due to its spin is given by 

tn — — — = 9.27 x 1(T 24 A-m 2 , (9.1) 
2m e 

where H is Planck's constant divided by 2n, q is the electron charge, and m e is the mass 
of the electron. An electron in orbit around a nucleus gives rise to an effective current loop 
and thus an additional magnetic moment, but this effect is generally insignificant compared 
to the magnetic moment due to spin. The Lande g factor is a measure of the relative con- 
tributions of the orbital moment and the spin moment to the total magnetic moment; g — 1 
when the moment is due only to orbital motion, and g — 2 when the moment is due only to 
spin. For most microwave ferrite materials, g is in the range 1.98-2.01, so g — 2 is a good 
approximation. 

In most solids, electron spins occur in pairs with opposite signs, so the overall mag- 
netic moment is negligible. In a magnetic material, however, a large fraction of the electron 
spins are unpaired (more left-hand spins than right-hand spins, or vice versa), but are gen- 
erally oriented in random directions so that the net magnetic moment is still small. An 
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FIGURE 9.1 Spin magnetic dipole moment and angular momentum vectors for a spinning 
electron. 



external magnetic field, however, can cause the dipole moments to align in the same di- 
rection to produce a large overall magnetic moment. The existence of exchange forces can 
keep adjacent electron spins aligned after the external field is removed; the material is then 
said to be permanently magnetized. 

An electron has a spin angular momentum given in terms of Planck's constant as 
[1,2] 




(9.2) 



The vector direction of this momentum is opposite the direction of the spin magnetic dipole 
moment, as indicated in Figure 9. 1 . The ratio of the spin magnetic moment to the spin an- 
gular momentum is a constant called the gyromagnetic ratio: 

y = — = — = 1.759 x 10 11 C/kg, (9.3) 
s m e 

where (9.1) and (9.2) have been used. Then we can write the following vector relation 
between the magnetic moment and the angular momentum: 

in — —ys, (9.4) 

where the negative sign is due to the fact that these vectors are oppositely directed. 

When a magnetic bias field Hq — zHq is present, a torque will be exerted on the mag- 
netic dipole: 

f — in x Bq — i^qUi x Hq — —fioys x Hq. (9.5) 
Since torque is equal to the time rate of change of angular momentum, we have 

ds —1 din - _ - 

— — — = T — /iQtn x Hq, 

dt y dt 
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or 

dm 

~r = -fJ-aym x Hq. (9.6) 
at 

This is the equation of motion for the magnetic dipole moment, in. We will solve this 
equation to show that the magnetic dipole precesses around the Ho-field vector, similar to 
a spinning top precessing around a vertical axis. 

Writing (9.6) in terms of its three vector components gives 

dm x 

- -iMoymyHo, (9.7a) 

— / = voym x H 0 , (9.7b) 
dt 

dm, 

= 0. (9.7c) 

dt 

Now use (9.7a) and (9.7b) to obtain two equations for m x and my. 

+ co 2 m x = 0, (9.8a) 



dt 2 



d 2 m v ~ 

—-f + co 2 m y = 0, (9.8b) 

where 

(oo = l^oyHo (9.9) 

is called the Larmor, or precession, frequency. One solution to (9.8) that is compatible with 
(9.7a) and (9.7b) is given by 

m x — AcoscoQt, (9.10a) 
niy = A sin coot. (9.10b) 

Equation (9.7c) shows that m z is a constant, and (9.1) shows that the magnitude of ih is 
also a constant, so we have the relation that 

M 2= (£~) = m 2 x + m], + m] = A 2 + 111 2 . (9.11) 

Thus the precession angle, 0, between m and Hq (the z-axis) is given by 



J m l + m2 y A 

sinfl= V — - = 7=7. (9.12) 
\m\ \m\ 

The projection of m on the xy plane is given by (9. 10), which shows that ih traces a circular 
path in this plane. The position of this projection at time t is given by <f> — coot, so the 
angular rate of rotation is dcp/dt — coo, the precession frequency. In the absence of any 
damping forces, the actual precession angle will be determined by the initial position of 
the magnetic dipole, and the dipole will precess about Hq at this angle indefinitely (free 
precession). In reality, however, the existence of damping forces will cause the magnetic 
dipole moment to spiral in from its initial angle until in is aligned with Hq (6 = 0). 
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FIGURE 9.2 Magnetic moment of a ferrimagnetic material versus bias field, Hq. 



Now assume that there are N unbalanced electron spins (magnetic dipoles) per unit 
volume, so that the total magnetization is 

M — Nm, (9.13) 

and the equation of motion in (9.6) becomes 

dM 

— = -MyM x H, (9.14) 
at 

where H is the internal applied field. (Note: In Chapter 1 we used P m for magnetization 
and M for magnetic currents; here we use M for magnetization, as this is common practice 
in ferrimagnetics work. Since we will not be using magnetic currents in this chapter, there 
should be no confusion.) As the strength of the bias field Hq is increased, more magnetic 
dipole moments will align with Hq until all are aligned, and M reaches an upper limit. See 
Figure 9.2. The material is then said to be magnetically saturated, and M s is denoted as 
the saturation magnetization. M s is thus a physical property of the ferrite material, and it 
typically ranges from 4nM s — 300-5000 G. (Appendix H lists the saturation magnetiza- 
tion and other physical properties of several types of microwave ferrite materials.) Below 
saturation, ferrite materials can be very lossy at microwave frequencies, and the RF inter- 
action is reduced. For this reason ferrites are usually operated in the saturated state, and 
this assumption is made for the remainder of this chapter. 

The saturation magnetization of a material is a strong function of temperature, de- 
creasing as temperature increases. This effect can be understood by noting that the vibra- 
tional energy of an atom increases with temperature, making it more difficult to align all 
the magnetic dipoles. At a high enough temperature the thermal energy is greater than the 
energy supplied by the internal magnetic field, and a zero net magnetization results. This 
temperature is called the Curie temperature, Tc- 

Now consider the interaction of a small AC (microwave) magnetic field with a mag- 
netically saturated ferrite material. Such a field will cause a forced precession of the dipole 
moments around the Hq(z) axis at the frequency of the applied AC field, much like the 
operation of an AC synchronous motor. The small-signal approximation will apply to all 
the ferrite components of interest to us, but there are applications where high-power signals 
can be used to obtain useful nonlinear effects. 

If H is the applied AC field, the total magnetic field is 



H, = H Q z + H, 



(9.15) 
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where we assume that \H\ Ho. This field produces a total magnetization in the ferrite 
material given by 

M t = M s z + M, (9.16) 

where M s is the (DC) saturation magnetization and M is the additional (AC) magnetization 
(in the xy plane) caused by H. Substituting (9.16) and (9. 15) into (9. 14) gives the following 
component equations of motion: 

dM x 

= -noyM y (H 0 + H z ) + M oK(M. 5 + M z )H y , (9.17a) 

dM y 

y = noyMAHo + H z ) - noY(M s + M Z )H X , (9.17b) 



dt 
dM z 
dt 



= -fi 0 yM x H y + n Q yM y H x , (9.17c) 



since dM s /dt = 0. Since \H\ « H 0 , we have |M||#| « \M\H 0 and \M\\H\ « M S \H\, 
so we can ignore MH products. Then (9.17) reduces to 

dM x 

— -cooM y + co m H y , (9.18a) 



dt 
dM, 



dt 

dM z 
dt 



= co 0 M x - co m H x , (9.18b) 
= 0, (9.18c) 



where &>o = i^oyHo and co m — /xo/Mj. Solving (9.18a) and (9.18b) for M x and M y gives 
the following equations: 

d 2 M x 2 dH y 

—y- + co Q M x - w m —— + co 0 co m H x , (9. 19a) 

dt L dt 

d 2 M y , dH x 

—j^- + co^My = -cD m + (o 0 (o m H y . (9. 19b) 

These are the equations of motion for the forced precession of the magnetic dipoles, as- 
suming small-signal conditions. It is now an easy step to arrive at the permeability tensor 
for ferrites; after doing this, we will try to gain some physical insight into the magnetic 
interaction process by considering circularly polarized AC fields. 

If the AC H field has an e ' wt time-harmonic dependence, the AC steady-state form of 
(9. 19) reduces to the following phasor equations: 

(col ~ w2 ) M x — u>oco m H x + jcL>to m H y , (9.20a) 
(a>l - a> 2 )M y — -jcoco m H x + WQW m H y , (9.20b) 

which shows the linear relationship between H and M. As in (1.24), (9.20) can be written 
with a tensor susceptibility, [/], to relate H and M: 



M = [ X ]H 



Xxx Xxy 0 
Xyx Xyy 0 
0 0 0 



H, (9.21) 
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where the elements of [/] are given by 



C0QCO m 

Xxx — Xyy — 2 ' 



Xxy — Xyx — 2 



(9.22a) 
(9.22b) 



The z component of H does not affect the magnetic moment of the material under the 
above assumptions. 

To relate B and H, we have from (1.23) that 



B = f i 0 (M + H) = [n]H, 
where the tensor permeability [m] is given by 



[ft] = no([U] + [/]) = 
The elements of the permeability tensor are then 



M jk 0 
j'k jJL 0 
0 0 /xo. 



M = /Zo(l + Xxx) = Mo(l + Xyy) = W 1 



0>CO m 

K = -JV-OXxy = JIMiXyx = MO^ 

co^ — co 



(z bias). 



COQCO m 

col- co 2 



(9.23) 
(9.24) 

(9.25a) 
(9.25b) 



A material having a permeability tensor of this form is called gyrotropic; note that an x (or 
y) component of H gives rise to both x and y components of B, with a 90° phase shift 
between them. 

If the direction of bias is reversed, both Ho and M s will change signs, so coo and co m 
will change signs. Equation (9.25) then shows that /x will be unchanged, but k will change 
sign. If the bias field is suddenly removed (Ho = 0), the ferrite will generally remain mag- 
netized (0 < \M\ < My); only by demagnetizing the ferrite (e.g., with a decreasing AC 
bias field) can M — 0 be obtained. Since the results of (9.22) and (9.25) assume a satu- 
rated ferrite sample, both M s and Ho should be set to zero for the unbiased, demagnetized 
case. Then coq — co m — 0 and (9.25) show that fi = (jlq and k — 0, as expected for a non- 
magnetic material. 

The tensor results of (9.24) assume magnetic bias in the £ direction. If the ferrite is 
biased in a different direction, the permeability tensor will be transformed according to the 
change in coordinates. Thus, if Ho = xHq, the permeability tensor will be 



[fi\ = 



Mo 0 0 
0 n j K 

0 -JK [l 



(x bias), 



(9.26) 



while if Ho = >'Hq the permeability tensor will be 



H 
0 



0 -JK 

Mo 0 
0 /x 



(y bias). 



(9.27) 



A comment must be made about units. By tradition most practical work in mag- 
netics is done with CGS units, with magnetization measured in gauss (1 gauss [G] = 
10~ 4 weber/m 2 ), and field strength measured in oersteds (47r x 10~ 3 oersted [Oe] = 1 
A/m). Thus, MO = 1 G/Oe in CGS units, implying that B and H have the same numerical 
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values in a nonmagnetic material. Saturation magnetization is usually expressed as 4nM s 
gauss; the corresponding MKS value is then fioM s weber/m 2 = 10~ 4 (4nM s gauss). In 
CGS units, the Larmor frequency can be expressed as fo — cl>q/2jt — pLoyHo/2jr — (2.8 
MHz/Oe) x (Ho oersted), and f m — co m /2n — fi Q yM s /27T — (2.8 MHz/Oe) x (4jtM s 
gauss). In practice, these units are convenient and easy to use. 



Circularly Polarized Fields 

To get a better physical understanding of the interaction of an AC signal with a saturated 
ferrimagnetic material we will consider circularly polarized fields. As discussed in Section 
1.5, a right-hand circularly polarized (RHCP) field can be expressed in phasor form as 

H+ =H+(x-jy), (9.28a) 

and in time domain form as 

H+ = Re{H+e ja> '} = H+(x coscot + y sinwf), (9.28b) 

where we have assumed the amplitude H+ as real. This latter form shows that H+ is a 
vector that rotates with time, such that at time t it is oriented at the angle cot from the 
x-axis; thus its angular velocity is co. (Also note that \Ti+\ = H+ ^ \H+\.) Applying the 
RHCP field of (9.28a) to (9.20) gives the magnetization components as 

COQ — CO 

M+ = ZI^!L H +^ 

y COQ — CO 

so the magnetization vector resulting from H + can be written as 

M+ - M+x + M+y = — H+(x - jy), (9.29) 

■' COQ — CO 

which shows that the magnetization is also RHCP, and so it rotates with angular veloc- 
ity co in synchronism with the driving field, H+ . Since M+ and H+ are vectors in the 
same direction, we can write B+ — ixq(M+ + H+) — fi+H+, where /x + is the effective 
permeability for an RHCP wave given by 

M + = M0 (l + ^!^ ) =, 1 + K . (9.30) 

\ COQ - CO J 

The angle, 9m, between M+ and the z-axis is given by 

\M+\ co m H+ C00H+ 

tan(9 M = — — = —ry- = — , (9.31) 

M s (coo - co)M s (coq - co) Ho 

while the angle, Oh, between H+ and the z-axis, is given by 

\H+\ H+ 

tan6 H = - - = . (9.32) 

Ho Ho 

For frequencies such that co < 2coq, (9.31) and (9.32) show that 6m > 6h, as illustrated in 
Figure 9.3a. In this case the magnetic dipole is precessing in the same direction as it would 
freely precess in the absence of H+. 

Now consider a left-hand circularly polarized field (LHCP), expressed in phasor form 

as 

H~ — H~(x + jy), (9.33a) 
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and in time domain form as 

H- = Re{H-e ja "} = H~(x cos cot -ysincot). (9.33b) 

Equation (9.33b) shows that H~ is a vector rotating in the —to (left-hand) direction. Ap- 
plying the LHCP field of (9.33a) to (9.20) gives the magnetization components as 

M — H , 

COQ + CO 

M - ■ — H , 

* COq + CO 

so the vector magnetization can be written as 

M~ = M~x + M~y = a >m H~(x + jy), (9.34) 

y COQ + CO 

which shows that the magnetization is LHCP, rotating in synchronism with H~ . Writing 
B~ — (xq{M~ + H~) — n~ H~ gives the effective permeability for an LHCP wave as 



At = fio I H \ = ii- k. (9.35) 

\ COQ + CO J 

The angle, 9m, between M~ and the z-axis is given by 

. „ \M~\ co m H~ coqH~ 

tan^M = = = , (9.36) 

M s (coq + co)M s (co 0 + to) Ho 

which is seen to be less than Oh of (9.32), as shown in Figure 9.3b. In this case the magnetic 
dipole is precessing in the opposite direction of its free precession. 

Thus we see that the interaction of a circularly polarized wave with a magnetically 
biased ferrite depends on the sense of the polarization (RHCP or LHCP). This is because 
the bias field sets up a preferential precession direction coinciding with the direction of 
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forced precession for an RHCP wave, but opposite to that of an LHCP wave. As we will 
see in Section 9.2, this effect leads to nonreciprocal propagation characteristics. 



Effect of Loss 

Equations (9.22) and (9.25) show that the elements of the susceptibility or permeability ten- 
sors become infinite when the frequency, co, equals the Larmor frequency, coq. This effect 
is known as gyromagnetic resonance, and it occurs when the forced precession frequency 
is equal to the free precession frequency. In the absence of loss the response may be un- 
bounded, in the same way that the response of an LC resonant circuit will be unbounded 
when driven with an AC signal having a frequency equal to the resonant frequency of the 
LC circuit. All real ferrite materials, however, have various magnetic loss mechanisms that 
damp out such singularities. 

As with other resonant systems, loss can be accounted for by making the resonant 
frequency complex: 

coq ^ coq + jocco, (9.37) 

where a is a damping factor. Substituting (9.37) into (9.22) makes the susceptibilities 
complex: 

Xxx = X xx ~ JX XX (9.38a) 

Xxy=X x y+jX x y (938b) 

where the real and imaginary parts are given by 

, co 0 co m (a>l - co 2 ) + a>QCO m co 2 a 2 

Xxx — 2 ' (9.39a) 

[col - co 2 (1 + a 2 )] +4colco 2 a 2 



acoco m [col &)2 (1 + a2 )] 
[col " tt|2 ( 1 + a ^f + 4w o & ' 20 ' 2 



(9.39b) 



coco m \co 2 . — co 2 (\ + a 2 )] 
— L 0 J (9 39 c ) 

Xy [col-co 2 (l+a 2 )f + 4co 2 0 co 2 a 2, 

x » = 2co Q co m co 2 a 39d) 

Xy [col-co 2 (l+a 2 )f + 4colco 2 a 2 

Equation (9.37) can also be applied to (9.25) to give a complex fi = fi' — jn", and k = 
k' — jk"\ this is why (9.38b) appears to define x' an( ^ X xy backward, as Xxy — A/Mo- 
For most ferrite materials the loss is small, so a <?C 1, and the (1 + a 2 ) terms in (9.39) can 
be approximated as unity. The real and imaginary parts of the susceptibilities of (9.39) are 
sketched in Figure 9.4 for a typical ferrite. 

The damping factor, a, is related to the linewidth, AH, of the susceptibility curve near 
resonance. Consider the plot of x' x ' x versus bias field, Hq, shown in Figure 9.5. For a fixed 
frequency co, resonance occurs when Hq — H r , such that coq — (A,oyH r . The linewidth, 
AH, is defined as the width of the curve of x'xx versus Hq where x xx h as decreased to half 
its peak value. If we assume (1 + a 2 ) ~ 1, (9.39b) shows that the maximum value of x xx 
is co m /2a co, and occurs when co — coq. Now let coq2 be the Larmor frequency for which 
Hq — Hi, where x xx h as decreased to half its maximum value. Then we can solve (9.39b) 
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FIGURE 9.4 Complex susceptibilities for a typical ferrite. (a) Real and imaginary parts of Xxx- 
(b) Real and imaginary parts of Xxy ■ 



for a in terms of &>02: 



IWWm (&>Q 2 + &)2 ) m n 



(<Wq 2 — ft) 2 ) + 4ft) | 



2 2 ft> 2 a 2 4aco 



4a 2 ft) 4 = (^ft)Q 2 - ft) 2 ^) , 
o>02 = ft>V 1 + 2a ~ ft)(l + a). 



Then A&>o = 2(ft>02 — ft>o) — 2[ft)(l + a) — co] — 2aa>, and using (9.9) gives the line- 
width as 



AH = 



Aft>o 2aco 



(9.40) 




Xmax/2 



0 ff] H r H 2 Hq^o/co) 

FIGURE 9.5 Definition of the linewidth, AH, of the gyromagnetic resonance. 
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FIGURE 9.6 Internal and external fields for a thin ferrite plate, (a) Normal bias, (b) Tangential 
bias. 



Typical linewidths range from less than 100 Oe (for YIG) to 100-500 Oe (for ferrites); 
single-crystal YIG can have a linewidth as low as 0.3 Oe. Also note that this loss is separate 
from the dielectric loss that a ferrimagnetic material may have. 



Demagnetization Factors 

The DC bias field, Ho, internal to a ferrite sample is generally different from the externally 
applied field, H a , because of the boundary conditions at the surface of the ferrite. To illus- 
trate this effect, consider a thin ferrite plate, as shown in Figure 9.6. When the applied field 
is normal to the plate, continuity of B n at the surface of the plate gives 

B n - iJ, Q H a = fi 0 (M s + H Q ), 

so the internal magnetic bias field is 

H Q = H a -M s . 

This shows that the internal field is less than the applied field by an amount equal to the 
saturation magnetization. When the applied field is parallel to the ferrite plate, continuity 
of H, at the surfaces of the plate gives 

H t — H a — Ho. 

In this case the internal field is not reduced. In general, the internal field (AC or DC), H , 
is affected by the shape of the ferrite sample and its orientation with respect to the external 
field, H e , and can be expressed as 

H = H e - NM, (9.41) 

where N = N x ,N y , or N z is called the demagnetization factor for that direction of the 
external field. Different shapes have different demagnetization factors, which depend on 
the direction of the applied field. Table 9.1 lists the demagnetization factors for a few 
simple shapes. The demagnetization factors are defined such that N x + N y + N z = 1 . 

The demagnetization factors can also be used to relate the internal and external RF 
fields near the boundary of a ferrite sample. For a z -biased ferrite with transverse RF fields, 
(9.41) reduces to 

H x = H xe -N x M x , (9.42a) 

Hy = H ye - NyMy, (9.42b) 



H z = H a -N z M s , 



(9.42c) 
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TABLE 9.1 Demagnetization Factors for Some Simple Shapes 



Shape 



Thin disk or 
plate 



Thin rod 




Sphere 



Zn 



N, 



where H xe , H ye are the RF fields external to the ferrite, and H a is the externally applied 
bias field. Equation (9.21) relates the internal transverse RF fields and magnetization as 

M x = XxxHx + XxyHy, 
My = XyxH x + XyyHy 

Using (9.42a, b) to eliminate H x and H y gives 

M x — XxxH xe + XxyHy e XxxN x M x XxyNyMy, 

My — XyxH Xe + XyyHy e XyxN X M x XyyNyMy. 

These equations can be solved for M x , M y to give 



where 



(1 + XyyNy) - XxyXyxNy Xxy „ 

Mx — — n xe + -jytlye, 

A/t %y x u Xyy(l + XxxN x ) — XyxXxyN x 

IVl x — tlxe ~r five, 

D D y 



D = (1 + XxxN x )(l + XyyNy) - XyxXxyNxNy 



(9.43a) 
(9.43b) 

(9.44) 



This result is of the form M — [Xe]H, where the coefficients of H xe and H ye in (9.43) 
can be defined as "external" susceptibilities since they relate magnetization to the external 
RF fields. 

For an infinite ferrite medium gyromagnetic resonance occurs when the denominator 
of the susceptibilities of (9.22) vanishes, at the frequency a> r — a> — coq. However, for a 
finite-sized ferrite sample the gyromagnetic resonance frequency is altered by the demag- 
netization factors, and is given by the condition that D — 0 in (9.43). Using the expressions 
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in (9.22) for the susceptibilities in (9.44), and setting the result equal to zero, gives 

(contj) m N x \ I coQ(i) m N v \ a> 2 a>i, 
1 + \ I 1 + \ I - - m 2 N x N y = 0. 



After some algebraic manipulations this result can be reduced to give the resonance fre- 
quency, co r , as 




mr = co — ^(coq + co m N x )(a>o + co m N y ). (9.45) 

Since coq — /xoX#o = ^oy(H a — N Z M S ), and co m — /xoyM s , (9.45) can be rewritten in 
terms of the applied bias field strength and saturation magnetization as 

co r = l-ioyJ[H a + (N x - N z )M s ][H a + (N y - N Z )M S ]. (9.46) 
This result is known as Kittel's equation [4]. 



POINT OF INTEREST: Permanent Magnets 

Since ferrite components such as isolators, gyrators, and circulators generally use permanent 
magnets to supply the required DC bias field, it may be useful to discuss some of the important 
characteristics of permanent magnets. 

A permanent magnet is made by placing the magnetic material in a strong magnetic field, 
and then removing the field to leave the material magnetized in a remanent state. Unless the 
magnet shape forms a closed path (like a toroid), the demagnetization factors at the magnet 
ends will cause a slightly negative H field to be induced in the magnet. Thus the "operating 
point" of a permanent magnet will be in the second quadrant of the B-H hysteresis curve for 
the magnet material. This portion of the curve is called the demagnetization curve. A typical 
example is shown below. 




The residual magnetization, for H — 0, is called the remanence, B r , of the material. This 
quantity characterizes the strength of the magnet, so generally a magnet material is chosen 
to have a large remanence. Another important parameter is the coerci vi'ry, H c , which is the 
value of the negative H field required to reduce the magnetization to zero. A good permanent 
magnet should have a high coercivity to reduce the effects of vibration, temperature changes, 
and external fields, which can lead to a loss of magnetization. An overall figure of merit for a 
permanent magnet is sometimes given as the maximum value of the BH product, (B//)max, on 
the demagnetization curve. This quantity is essentially the maximum magnetic energy density 
that can be stored by the magnet, and can be useful in electromechanical applications. The 
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following table lists the remanence, coercivity, and (BH) mdx for some of the most common 
permanent magnet materials. 







B r 


H c 


{rifl )max 


Material 


Composition 


(Oe) 


(G) 


(G-Oe) x 10° 


ALNICO 5 


Al, Ni, Co, Cu 


12,000 


720 


5.0 


ALNICO 8 


Al, Ni, Co, Cu, Ti 


7100 


2000 


5.5 


ALNICO 9 


Al, Ni, Co, Cu, Ti 


10,400 


1600 


8.5 


Remalloy 


Mo, Co, Fe 


10,500 


250 


1.1 


Platinum cobalt 


Pt, Co 


6450 


4300 


9.5 


Ceramic 


Ba0 6 Fe 2 0 3 


3950 


2400 


3.5 


Cobalt samarium 


Co, Sm 


8400 


7000 


16.0 



PLANE WAVE PROPAGATION IN A FERRITE MEDIUM 

The previous section gives an explanation of the microscopic phenomena that occur inside 
a biased ferrite material to produce a tensor permeability of the form given in (9.24) [or 
in (9.26) or (9.27), depending on the bias direction]. Once we have this macroscopic de- 
scription of the ferrite material, we can solve Maxwell's equations for wave propagation in 
various geometries involving ferrite materials. We begin with plane wave propagation in 
an infinite ferrite medium, for propagation either in the direction of bias, or transverse to 
the bias field. These problems will illustrate the important effects of Faraday rotation and 
birefringence. 

Propagation in Direction of Bias (Faraday Rotation) 

Consider an infinite ferrite-filled region with a DC magnetic bias field given by Ho — zHq, 
and a tensor permittivity [/x] given by (9.24). Maxwell's equations can be written as 

V x E = -jco\ji]H, (9.47a) 

V x H = jcoeE, (9.47b) 

V • D = 0, (9.47c) 

V • B = 0. (9.47d) 

Now assume plane wave propagation in the z direction, with d/dx — d/dy — 0. Then the 
electric and magnetic fields will have the following form: 

E = E 0 e- jfSz , (9.48a) 

H = H Q e- jf>z . (9.48b) 

The two curl equations of (9.47a) and (9.47b) reduce to the following, after using (9.24): 





-jw(fiH x + jKHy), 


(9.49a) 


JPE X = 


-jo(-jKH x + nH y ), 


(9.49b) 


0 = 


-jo)H 0 H z , 


(9.49c) 




jueE x , 


(9.49d) 


JPH X = 


joeEy, 


(9.49e) 


0 = 


j(ti€E z . 


(9.49f) 
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Equations (9.49c) and (9.49f) show that E z — H z = 0, as expected for TEM plane waves. 
We also have V • D = V • B = 0 since d/dx = d/dy = 0. Equations (9.49d) and (9.49e) 
give relations between the transverse field components as 

Y = — = - — , (9.50) 

E X Ey /J ' 

where Y is the wave admittance. Using (9.50) in (9.49a) and (9.49b) to eliminate H x and 
H y gives the following results: 

jco 2 €KE x + OS 2 - o) 2 iJ,e)E y = 0, (9.51a) 

QS 2 - co 2 iie)E x - jco 2 e K E y = 0. (9.51b) 

For a nontrivial solution for E x and E y the determinant of this set of equations must vanish: 

m 4 e 2 K 2 - (fi 2 - cd 2 lie) 2 = 0, 

or 

0± = eoy/€(ji± K ). (9.52) 

There are two possible propagation constants, fi + and 

First consider the fields associated with B + , which can be found by substituting fi + 
into (9.51a) or (9.51b): 

jco 2 eKE x + w 2 €KE y — 0, 

or 

E y = -)E X . 

Then the electric field of (9.48a) must have the following form: 

E+ = E 0 (x - jy)e-^+\ (9.53a) 

which is seen to be a right-hand circularly polarized plane wave. Using (9.50) gives the 
associated magnetic field as 

H+ = E 0 Y + (jx + y)e~^+\ (9.53b) 
where Y + is the wave admittance for this wave: 



?+ = f=J^- (9.530 

Similarly, the fields associated with /S_ are left-hand circularly polarized: 

E- = E 0 (x + jy)e- jfs - z , (9.54a) 

H- = E 0 Y_(-jx + y)e- jfi - z , (9.54b) 

where F_ is the wave admittance for this wave: 



Thus we see that RHCP and LHCP plane waves are the source-free modes of the z- 
biased ferrite medium, and these waves propagate through the ferrite medium with different 
propagation constants. As discussed in the previous section, the physical explanation for 
this effect is that the magnetic bias field creates a preferred direction for magnetic dipole 
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precession, and one sense of circular polarization causes precession in this preferred direc- 
tion, while the other sense of polarization causes precession in the opposite direction. Also 
note that for an RHCP wave, the ferrite material can be represented with an effective per- 
meability of [i + k, while for an LHCP wave the effective permeability is /x — k. In math- 
ematical terms, we can state that (p. + k) and (p, — k), or f} + and are the eigenvalues 
of the system of equations in (9.51), and that E + and £_ are the associated eigenvectors. 
When losses are present, the attenuation constants for RHCP and LHCP waves will also be 
different. 

Now consider a linearly polarized electric field at z — 0, represented as the sum of an 
RHCP and an LHCP wave: 

E\ Z=Q = xE 0 = ^(x- jy) + y(* + jy). (9.55) 

The RHCP component will propagate in the z direction as e~^+ z , and the LHCP compo- 
nent will propagate as e~-'^- z , so the total field of (9.55) will propagate as 



= E 0 



x cos z — y sin z 



e -j(P++fi-)z/2_ (956) 



This is still a linearly polarized wave, but one whose direction of polarization rotates as 
the wave propagates along the z-axis. At a given point along the z-axis the polarization 
direction measured from the x-axis is given by 



<j> — tan 1 — = tan 1 



-tan ^ 



z. (9.57) 




This effect is called Faraday rotation, after Michael Faraday, who first observed this phe- 
nomenon during his study of the propagation of light through liquids that had magnetic 
properties. Note that for a fixed position on the z-axis, the polarization angle is fixed, unlike 
the case for a circularly polarized wave, where the polarization direction rotates with time. 

For co < ooq, jx and k are positive and [i > k. Then fi + > and (9.57) shows that 
<f> becomes more negative as z increases, meaning that the polarization (direction of E) 
rotates counterclockwise as we look in the +z direction. Reversing the bias direction (sign 
of Ho and M s ) changes the sign of k, which changes the direction of rotation to clockwise. 
Similarly, for +z bias, a wave traveling in the — z direction will rotate its polarization 
clockwise as we look in the direction of propagation (— z); if we were looking in the +z 
direction, however, the direction of rotation would be counterclockwise (same as a wave 
propagating in the +z direction). Thus, a wave that travels from z = 0 to z = L and back 
again to z = 0 undergoes a total polarization rotation of 2(p, where <j> is given in (9.57) 
with z — L. So, unlike the situation of a screw being driven into a block of wood and 
then backed out, the polarization does not "unwind" when the direction of propagation is 
reversed. Faraday rotation is thus seen to be a nonreciprocal effect. 



EXAMPLE 9.1 PLANE WAVE PROPAGATION IN A FERRITE MEDIUM 

Consider an infinite ferrite medium with AnM s — 1800 G, AH — 75 Oe, e r — 
14, and tan<5 = 0.001. If the bias field strength is H Q — 3570 Oe, calculate and 
plot the phase and attenuation constants for RHCP and LHCP plane waves versus 
frequency for / = 0 to 20 GHz. 
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Solution 

The Larmor precession frequency is 



and 



/o = ^ = (2.8 MHz/Oe)(3570 Oe) = 10.0 GHz, 
2jt 



f m = °^- = (2.8 MHz/Oe) (1800 G) = 5.04 GHz. 

2jt 



At each frequency we can compute the complex propagation constant as 

Y± = a± + jfi± - ja>y/e<ji±ic), 

where e — eoe r (l — j tan S) is the complex permittivity, and fx, k are given by 
(9.25). The following substitution for &>o is used to account for ferrimagnetic loss: 

o) Q <- coo + J 2 ' 

or 

(2.8 MHz/Oe)(75 Oe) 
fo *~ fa + j - ~y~^ " = ( 10 -° + V0-105) GHz, 

which is derived from (9.37) and (9.40). The quantities /x ± k can be simplified 
to the following, by using (9.25): 



/, , COm \ 

[I + K = ixo H , 

\ coo- co J 

A . COm \ 

(I - K = mo I H , — . 

V coo + coj 



The phase and attenuation constants are plotted in Figure 9.7, normalized to the 
free-space wave number, ko- 




FIGURE 9.7 Normalized phase and attenuation constants for circularly polarized plane waves in 
the ferrite medium of Example 9.1. 
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Observe that j} + and a + (for an RHCP wave) show a resonance near / = 
/o = 10 GHz; P- and a_ (for an LHCP wave) do not, however, because the 
singularities in [i and k cancel in the (/x — k) term contained in y_. Also note 
from Figure 9.7 that a stopband near zero, large oq_) exists for RHCP waves 
for frequencies between fy and /o + f m (between coq and coq + co m ). For fre- 
quencies in this range, the above expression for (fj, + k) shows that this quantity 
is negative, and f$+ — 0 (in the absence of loss), so an RHCP wave incident on 
such a ferrite medium would be totally reflected. ■ 



-jM[X 0 H x , 


(9.58a) 


-jco(fMH y + jicH z ), 


(9.58b) 


-jo(-jKHy + nH z ), 


(9.58c) 


jcoeE x , 


(9.58d) 


jcoeEy, 


(9.58e) 


jcoeE z . 


(9.58f) 



Propagation Transverse to Bias (Birefringence) 

Next consider the case where an infinite ferrite region is biased in the x direction, transverse 
to the direction of propagation; the permeability tensor is given in (9.26). For plane wave 
fields of the form in (9.48), Maxwell's curl equations reduce to 

JPEy 

0 

-JPH X 
0 

Then E z = 0, and V • D = 0 since d/dx = d/dy = 0. Equations (9.5 8d) and (9.58e) give 
an admittance relation between the transverse field components: 

H Y — H x a>€ 
F = — = - — . (9.59) 

E X Ey 0 

Using (9.59) in (9.58a) and (9.58b) to eliminate H x and H y , and using (9.58c) in (9.58b) 
to eliminate H z , gives the following results: 

p 2 E y = a> 2 iJL Q eEy, (9.60a) 

IJiifi 2 - o?[ie)E x = -co 2 €K 2 E x . (9.60b) 

One solution to (9.60) occurs for 

Po = m^fjloe, (9.61) 
with E x — 0. Then the complete fields are 

E„ = yE 0 e-jP° z , (9.62a) 

H 0 = -xE Q Y 0 e- jfi " z , (9.62b) 

since (9.59) shows that H y — 0 when E x — 0, and (9.58c) shows that H z — 0 when 
H y — 0. The admittance is 

Po V Mo 

This wave is called the ordinary wave because it is unaffected by the magnetic properties 
of the ferrite. This happens whenever the magnetic field components transverse to the bias 
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direction are zero (H y — H z — 0). The wave propagates in either the +z or — z direction 
with the same propagation constant, which is independent of Hq. 
Another solution to (9.60) occurs for 

p e = a-sfjj^e, (9.64) 
with E y — 0, where [i e is an effective permeability given by 

Me =^i (9.65) 

This wave is called the extraordinary wave and is affected by the ferrite magnetization. 
Note that the effective permeability may be negative for certain values of a>, cdq. The elec- 
tric field is 

E e =xE 0 e- jf>eZ . (9.66a) 

Since E y — 0, (9.58e) shows that H x — 0. H y can be found from (9.58d), and H z from 
(9.58c), giving the complete magnetic field as 

H e = E 0 Y e + i J ^j e~^\ (9.66b) 

where 

Ye=f=J^- (9-67) 

Pe V 

These fields constitute a linearly polarized wave, but note that the magnetic field has a com- 
ponent in the direction of propagation. Except for the existence of H z , the extraordinary 
wave has electric and magnetic fields that are perpendicular to the corresponding fields of 
the ordinary wave. Thus, a wave polarized in the y direction will have a propagation con- 
stant p o (ordinary wave), but a wave polarized in the x direction will have a propagation 
constant fi e (extraordinary wave). This effect, where the propagation constant depends on 
the polarization direction, is called birefringence [2]. Birefringence often occurs in optics 




FIGURE 9.8 Effective permeability, fi e , versus bias field, Hq, for various saturation magnetiza- 
tions and frequencies. 
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work, where the index of refraction can have different values depending on the polariza- 
tion. The double image seen through a calcite crystal is an example of this effect. 

From (9.65) we can see that [i e , the effective permeability for the extraordinary wave, 
can be negative if k 2 > fi 2 . This condition depends on the values of to, coo, and co m , or 
/, Hq, and M s , but for a fixed frequency and saturation magnetization there will always 
be some range of bias field for which [i e < 0 (ignoring loss). When this occurs fi e will 
become imaginary, as seen from (9.64), which implies that the wave will be cut off, or 
evanescent. An x -polarized plane wave incident at the interface of such a ferrite region 
would be totally reflected. The effective permeability is plotted versus bias field strength 
in Figure 9.8 for several values of frequency and saturation magnetization. 



PROPAGATION IN A FERRITE-LOADED RECTANGULAR 
WAVEGUIDE 

In the previous section we introduced the effects of a ferrite material on electromagnetic 
fields by considering the propagation of plane waves in an infinite ferrite medium. In prac- 
tice, however, most ferrite components use waveguide or other types of transmission lines 
loaded with ferrite material. Many of these geometries are very difficult to treat without 
the use of complex numerical methods, but it is possible to analyze some of the simpler 
cases involving ferrite-loaded rectangular waveguides. This will allow us to quantitatively 
demonstrate the operation and design of several types of practical ferrite components. 



TE m o Modes of Waveguide with a Single Ferrite Slab 

We first consider the geometry shown in Figure 9.9, where a rectangular waveguide is 
loaded with a vertical slab of ferrite material biased in the y direction. This geometry and 
its analysis will be used in later sections to treat the operation and design of resonance 
isolators, field displacement isolators, and remanent (nonreciprocal) phase shifters. 
In the ferrite slab, Maxwell's equations can be written as 



V x E = -ja>\ji]H, 

V x H = jcoeE, 



(9.68a) 
(9.68b) 



where [fi] is the permeability tensor for y bias, as given in (9.27). If we let E(x, y, z) — 
[e(x, y) + ze z (x, y)]e"^ z and H (x, y, z) = [h(x, y) + zh z (x, y)]e~^ z , (9.68) reduces 




FIGURE 9.9 



z r 

Geometry of a rectangular waveguide loaded with a transversely biased ferrite slab. 
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to 

dy 

de 
dx 

de y de x 
dx dy 

h + jph y = jcoee x , (9.69d) 



+ JP e y = -jo)((Mh x - jKh z ), (9.69a) 



-jfiex - = -j^mhy, (9.69b) 
-jco(jKh x + iih z ), (9.69c) 



dy 



dh z 



-jph x --±= jcoee y , (9.69e) 
dx 



dh y dh x 
dx dy 



jooee z . (9.69f) 



For TE m0 modes, we know that E z = 0 and d/dy = 0. Then (9.69b) and (9.69d) imply 
that e x — h y — 0 (since fi 2 ^ cd 2 [iq€ for a waveguide mode) and so (9.69) reduces to three 
equations: 

jfie y = -jco([Mh x - jKh z ), (9.70a) 

^ = -jco(jKh x + fih z ), (9.70b) 
dx 

jwee y = -jfih x - (9.70c) 
dx 

We can solve (9.70a) and (9.70b) for h x and h z as follows. Multiply (9.70a) by [i and 
(9.70b) by Jk, then add to obtain 

1 / de y \ 

h x = l-nPey-K-1). (9.71a) 

Now multiply (9.70a) by jk and (9.71a) by fx, then add to obtain 

j 



h 7 = 



^ey+n^j, (9.71b) 



where ji e — (p? — K 2 )/fi. Substituting (9.71) into (9.70c) gives a wave equation for ey. 

-JP ( o de y\ j ( a de y , d2e y\ 

(Djjbix e \ dx J tonne \ dx dx L I 



or 



(^ + *jj« y =0. (9.72) 

where k f is defined as a cutoff wave number for the ferrite: 

k) = a) 2 ix e e - p 2 . (9.73) 

We can obtain the corresponding results for the air regions by letting ji — (jlq, k — 0, 
and e r — 1, to obtain 
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where k a is the cutoff wave number for the air regions: 



k z — k z 
K a — K 0 



P 2 - 



The magnetic field in the air region is given by 



• l x — e y — e y, 

C0(J,O Z w 

(OfXQ dx 

The general solutions for e y in the air-ferrite-air regions of the waveguide are then 

A sin k a x for 0 < x < c, 

B sink f(x — c) + C sink f(c + t — x) for c < x < c + t , 
D sink a {a — x) for c + t < x < a, 



(9.75) 

(9.76a) 
(9.76b) 



(9.77a) 



which have been constructed to facilitate the enforcement of boundary conditions at x — 0, 
c, c + t, and a [3]. We will also need h z , which can be found from (9.77a), (9.71b), and 
(9.76b): 



(jk a A/(D(io)cosk a x 

(J /(0fj,(i e ){icf}[B sinkf(x — c) + C sinkf(c + t — x)] 

+ jikf[B cos kf (x — c) — C cos kf(c + t — x)]} 
(- jk a D J '(o/iq) cos k a (a - x) 



for 0 < x < c, 



Matching e y and h z at x — c and x 
A, B, C, D: 



for c < x < c + t, 
for c + t < x < a. 

(9.77b) 

c + t — a — d gives four equations for the constants 



A sink a c — C sink ft, 
B sink ft — D sin k a d. 



A — cos k a c 

MO 



B 



fJ-e 



— C (— kB sink ft + fxkf cos k ft), 

l±fi e 



1 kfk a 
B (kB sink ft + yukf coskft) — C— — —D— cosk a d. 

fifle fl e fl 0 



(9.78a) 
(9.78b) 

(9.78c) 
(9.78d) 



Solving (9.78a) and (9.78b) for C and D, substituting into (9.78c) and (9.78d), and then 
eliminating A or B gives the following transcendental equation for the propagation con- 
stant, 8: 



(—\ +(—\ -k a cotk a c( -^—cotkft + 

\H e J \IMfl e / \llQfL e 



KB 



VMo/ 



x cot k a c cot k a d 



k a cot k, 



cot kft 



= 0. (9.79) 



After using (9.73) and (9.75) to express the cutoff wave numbers kf and k a in terms of 
B, we can solve (9.79) numerically. The fact that (9.79) contains terms that are odd in 
kB indicates that the resulting wave propagation will be nonreciprocal since changing the 
direction of the bias field (which is equivalent to changing the direction of propagation) 
changes the sign of k, which leads to a different solution for B. We will identify these two 
solutions as fi + and B- for positive bias and propagation in the +z direction (positive k) 
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and in the — z direction (negative k), respectively. The effects of magnetic loss can easily 
be included by allowing cl>„ to be complex, as in (9.37). 

In later sections we will also need to evaluate the electric field in the guide, as given 
in (9.77a). If we choose the arbitrary amplitude constant as A, then B, C, and D can be 
found in terms of A by using (9.78a), (9.78b), and (9.78c). Note from (9.75) that if B > k a , 
then k a will be imaginary. In this case, the sin k a x function of (9.77a) becomes j sinh \k a \x, 
indicating an almost exponential variation in the field distribution. 

A useful approximate result can be obtained for the differential phase shift, ft + — ft-, 
by expanding ft in (9.79) in a Taylor series about t — 0. This can be accomplished with 
implicit differentiation after using (9.73) and (9.75) to express k f and k a in terms of B [4]. 
The result is 

2k c tK k AS 

B+- B-~ — ^— sin 2k c c = 2k c sin 2k c c, (9.80) 

a[i \i S 

where k c — n /a is the cutoff frequency of the empty guide, and AS/S — t/a is the filling 
factor, or ratio of slab cross-sectional area to waveguide cross-sectional area. Thus, this 
formula can be applied to other geometries, such as waveguides loaded with small ferrite 
strips or rods, although the appropriate demagnetization factors may be required for some 
ferrite shapes. The result in (9.80) is accurate, however, only for very small ferrite cross 
sections, typically for AS/S < 0.01. 

This same technique can be used to obtain an approximate expression for the forward 
and reverse attenuation constants in terms of the imaginary parts of the susceptibilities 
defined in (9.39): 

a ±-jf (PoxZx sin2 k c x + k hzz cos2 k c x T XxykcPo sin 2k c x) , (9.81) 



where fto — ^Jk^ — k^ is the propagation constant of the empty guide. This result will be 
useful in the design of resonance isolators. Both (9.80) and (9.81) can also be derived using 
a perturbation method with the empty waveguide fields [4], and so are usually referred to 
as the perturbation theory results. 



TE m o Modes of Waveguide with Two Symmetric Ferrite Slabs 

A related geometry is a rectangular waveguide loaded with two symmetrically placed fer- 
rite slabs, as shown in Figure 9.10. With equal but opposite y-directed bias fields on the 
ferrite slabs, this configuration provides a useful model for the nonreciprocal remanent 



Magnetic 




FIGURE 9.10 Geometry of a rectangular waveguide loaded with two symmetric ferrite slabs. 
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phase shifter, which will be discussed in Section 9.5. Its analysis is very similar to that of 
the single-slab geometry. 

Since the h y and h z fields (including the bias fields) are antisymmetric about the mid- 
plane of the waveguide at x — a/2, a magnetic wall can be placed at this point. Then we 
only need to consider the region for 0 < x < a /2. The electric field in this region can be 
written as 

A sink a x, 0 < x < c, 

B sink fix — c) + C sinfc/(c + t — x), c<x<c + t, (9.82a) 
Dcoskaia/2 — x), c + t<x<a/2, 

which is similar in form to (9.77a), except that the expression for c + t < x < a/2 was 
constructed to have a maximum at x — a/2 (since h z must be zero at x — a /2). The cutoff 
wave numbers kf and k a are defined in (9.73) and (9.75). 
Using (9.71) and (9.76) gives the h z field as 

ij k a A / co fin) cos k a x , 0 < x < c, 

ij /oo/xfi e ){—Kp[B sink fix — c) + C sinkfic + 1 — x)] 

+fikf[B cos k fix — c) — C coskfic + t —x)]}, c < x < c + t, 

ijk a D /cojio) sink a ia/2 — x), c + t < x < a/2. 

(9.82b) 

Matching e y and h z at x — c and x — c + t — a/2 — d gives four equations for the con- 
stants A, B, C, D: 

Asink a c — C sinkft, (9.83a) 
Bsinkft = Dcosk a d, (9.83b) 

k kf I 
A—cosk a c — B— — C ( — k/3 sinkft + fikf cos ktt), (9.83c) 

Mo Me MMe 

B k f k a 

iicB sin k ft + [ikf cos k 1 1 ) — C — — D — sin k a d. (9.83d) 

flfle \x e mo 

Reducing these results gives a transcendental equation for the propagation constant, fi: 

M + (^) 2 - *. + -^A + 2 

\fl e J \fJ-fleJ MOMMe / \M0 

(kf k f3 \ 
— —cotkft 1=0. (9.84) 
MOMe /XOMMe/ 

This equation can be solved numerically for fi. As in (9.79) for the single-slab case, 
k and B appear in (9.84) only as kB, k 2 , or f3 2 , which implies nonreciprocal propagation 
since changing the sign of k (or bias fields) necessitates a change in sign for fi (propagation 
direction) for the same root. At first glance it may seem that, for the same waveguide and 
slab dimensions and parameters, two slabs would give twice the phase shift of one slab, 
but this is generally untrue because the fields are highly concentrated in the ferrite regions. 



FERRITE ISOLATORS 

One of the most useful microwave ferrite components is the isolator, which is a two-port 
device having unidirectional transmission characteristics. The scattering matrix for an ideal 
isolator has the form 



[5] = 



0 0 

1 0 



(9.85) 
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indicating that both ports are matched, but transmission occurs only in the direction from 
port 1 to port 2. Since the scattering matrix is not unitary, the isolator must be lossy. And, 
of course, [S] is not symmetric, since an isolator is a nonreciprocal component. 

A common application uses an isolator between a high-power source and a load to 
prevent possible reflections from damaging the source. An isolator can be used in place of 
a matching or tuning network, but it should be realized that any power reflected from the 
load will be absorbed by the isolator, as opposed to being reflected back to the load, which 
is the case when a matching network is used. 

Although there are several types of ferrite isolators, we will concentrate on the res- 
onance isolator and the field displacement isolator. These devices are of practical impor- 
tance, and can be analyzed and designed using the results for the ferrite slab-loaded wave- 
guide of the previous section. 



Resonance Isolators 

We have seen that a circularly polarized plane wave rotating in the same direction as the 
precessing magnetic dipoles of a ferrite medium will have a strong interaction with the 
material, while a circularly polarized wave rotating in the opposite direction will have a 
weaker interaction. Such a result was illustrated in Example 9.1, where the attenuation of 
a circularly polarized wave was very large near the gyromagnetic resonance of the ferrite, 
while the attenuation of a wave propagating in the opposite direction was very small. This 
effect can be used to construct an isolator; such isolators must operate near gyromagnetic 
resonance and so are called resonance isolators. Resonance isolators usually consist of a 
ferrite slab or strip mounted at a certain point in a waveguide. We will discuss the two 
isolator geometries shown in Figure 9.11. 

Ideally, the RF fields inside the ferrite material should be circularly polarized. In an 
empty rectangular waveguide the magnetic fields of the TEio mode can be written as 

H x = J —Asmk c xe-^°\ 
k c 

H z = Acosk c xe- j P° z , 

where k c — 7t/a is the cutoff wave number and Pq — ^Jk^ — is the propagation con- 
stant of the empty guide. Since a circularly polarized wave must satisfy the condition that 



yk y 




FIGURE 9.11 Two resonance isolator geometries, (a) £ -plane, full-height slab, (b) H -plane, 
partial-height slab. 



9.4 Ferrite Isolators 477 



H x /H z — ±j, the location x of the point of circular polarization in the empty guide is 
given by 

k c 

tan/fc c x = ± — . (9.86) 
Po 

Ferrite loading, however, may perturb the fields so that (9.86) may not give the actual 
optimum position, or it may prevent the internal fields from being circularly polarized for 
any position. 

First consider the full-height £ -plane slab geometry of Figure 9.1 la; we can analyze 
this case using the exact results from the previous section. Alternatively, we could use the 
perturbation result of (9.81), but this would require the use of a demagnetization factor for 
h x , and would be less accurate than the exact results. Thus, for a given set of parameters, 
(9.79) can be solved numerically for the complex propagation constants of the forward and 
reverse waves of the ferrite-loaded guide. It is necessary to include the effect of magnetic 
loss, which can be done by using (9.37) for the complex resonant frequency, coo, in the 
expressions for [i and k. The imaginary part of coo can be related to the linewidth, AH, 
of the ferrite through (9.40). Usually the waveguide width, a, frequency, co, and ferrite 
parameters, AnM s and e r , will be fixed, and the bias field and slab position and thickness 
will be determined to give the optimum design. 

Ideally, the forward attenuation constant (a + ) would be zero, with a nonzero attenua- 
tion constant (a_) in the reverse direction. However, for the £ -plane ferrite slab there is no 
position x — c where the fields are perfectly circularly polarized in the ferrite (this is be- 
cause the demagnetization factor N x — 1 [4]). Hence, the forward and reverse waves both 
contain an RHCP component and an LHCP component, so ideal attenuation characteristics 
cannot be obtained. The optimum design, then, generally minimizes the forward attenua- 
tion, which determines the slab position. Alternatively, it may be desired to maximize the 
ratio of the reverse to forward attenuations. Since the maximum reverse attenuation gener- 
ally does not occur at the same slab position as the minimum forward attenuation, such a 
design will involve a trade-off of the forward loss. 

For a long, thin slab, the demagnetization factors are approximately those of a thin 
disk: N x ~ 1, N y = N z = 0. It can then be shown via the Kittel equation of (9.45) that the 
gyromagnetic resonance frequency of the slab is given by 

co - y/co 0 (coo + co m ), (9.87) 

which determines Ho, given the operating frequency and saturation magnetization. This is 
an approximate result; the transcendental equation of (9.79) accounts for demagnetization 
exactly, so the actual internal bias field, H), can be found by numerically solving (9.79) for 
the attenuation constants for values of Ho near the approximate value given by (9.87). 

Once the slab position, c, and bias field, H 0 , have been found, the slab length, L, 
can be chosen to give the desired total reverse attenuation (or isolation) as (a_)L. The 
slab thickness can also be used to adjust this value. Typical numerical results are given in 
Example 9.2. 

One advantage of this geometry is that the full-height slab is easy to bias with an 
external C-shaped permanent magnet, with no demagnetization factor. However, it suffers 
from several disadvantages: 

• Zero forward attenuation cannot be obtained because the internal magnetic field is 
not truly circularly polarized. 

• The bandwidth of the isolator is relatively narrow, dictated essentially by the line- 
width, AH, of the ferrite. 
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• The geometry is not well suited for high-power applications because of poor heat 
transfer from the middle of the slab, and an increase in temperature will cause a 
change in M s , which will degrade performance. 

The first two problems noted above can be remedied to a significant degree with the addi- 
tion of a dielectric loading slab; see reference [5] for details. 



EXAMPLE 9.2 FERRITE RESONANCE ISOLATOR DESIGN 

Design an £ -plane resonance isolator in an X-band waveguide to operate at 
10 GHz with a minimum forward insertion loss and 30 dB reverse attenuation. Use 
a 0.5 mm thick ferrite slab with 4nM 5 = 1700 G, AH = 200 Oe, and e r = 13. 
Determine the bandwidth for which the reverse attenuation is at least 27 dB. 

Solution 

The complex roots of (9.79) were found numerically using an interval-halving 
routine followed by a Newton-Raphson iteration. The approximate bias field, Ho, 
given by (9.87) is 2820 Oe, but numerical results indicate the actual field to be 
closer to 2840 Oe for resonance at 10 GHz. Figure 9.12a shows the calculated for- 
ward and reverse (a_) attenuation constants at 10 GHz versus slab position, 
and it can be seen that the minimum forward attenuation occurs for c/a — 0.125; 
the reverse attenuation at this point is a_ = 12.4 dB/cm. Figure 9.12b shows the 
attenuation constants versus frequency for this slab position. For a total reverse 
attenuation of 20 dB, the length of the slab must be 



30 dB 



12.4 dB/cm 



2.4 cm. 



+ 




+ 6 




9.0 9.4 9.8 10.2 10.6 11.0 
/(GHz) 
(b) 



4irM,= 1700G H 0 = 2840 Oe Aff = 200Oe a = 2.286 cm t = 0.05 cm e r = 13 



FIGURE 9.12 Forward and reverse attenuation constants for the resonance isolator of Example 
9.2. (a) Versus slab position, (b) Versus frequency. 
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For the total reverse attenuation to be at least 27 dB, we must have 

27 dB 

a- > = 11.3 dB/cm. 

2.4 cm 

The bandwidth according to the above definition is, from the data of Figure 9.12b, 
less than 2%. This result could be improved by using a ferrite with a larger 
linewidth, at the expense of a longer or thicker slab and a higher forward 
attenuation. ■ 



Next we consider a resonance isolator using the //-plane slab geometry of Figure 
9.11b. If the slab is much thinner than it is wide, the demagnetization factors will be ap- 
proximately N A = N z = 0, N y = 1. This means that a stronger applied bias field will be 
required to produce the internal field Ho in the y direction. However, the RF magnetic field 
components, h x and h z , will not be affected by the air-ferrite boundary since N x — N z — 
0, and perfect circular polarized fields will exist in the ferrite when it is positioned at the 
circular polarization point of the empty guide, as given by (9.86). Another advantage of 
this geometry is that it has better thermal properties than the £ -plane version since the 
ferrite slab has a large surface area in contact with the waveguide wall for heat dissipation. 

Unlike the full-height £ -plane slab case, the //-plane geometry of Figure 9.1 lb cannot 
be analyzed exactly. However, if the slab occupies only a very small fraction of the total 
guide cross section (AS/S <C 1, where AS and S are the cross-sectional areas of the slab 
and waveguide, respectively), the perturbational result for a+ in (9.81) can be used with 
reasonable results. This expression is given in terms of the susceptibilities Xxx = X xx — 
ix"x' = X zz - jX zv and Xxy = x" y + jx' xr as defined for a y-biased ferrite in a man- 
ner similar to (9.22). For ferrite shapes other than a thin //-plane slab, these susceptibilities 
would have to be modified with the appropriate demagnetization factors, as in (9.43) [4]. 

As seen from the susceptibility expressions of (9.22), gyromagnetic resonance for this 
geometry will occur when a> — ojq, which determines the internal bias field, Hq. The cen- 
ter of the slab is positioned at the circular polarization point of the empty guide, as given 
by (9.86). This should result in a near-zero forward attenuation constant. The total reverse 
attenuation, or isolation, can be controlled with either the length, L, of the ferrite slab or 
its cross section, AS, since (9.81) shows a± is proportional to AS/S. If AS/S is too large, 
however, the purity of circular polarization over the slab cross section will be degraded, and 
forward loss will increase. One practical alternative is to use a second, identical ferrite slab 
on the top wall of the guide to double AS/S without significantly degrading polarization 
purity. 



The Field Displacement Isolator 

Another type of isolator uses the fact that the electric field distributions of the forward 
and reverse waves in a ferrite slab-loaded waveguide can be quite different. As illustrated 
in Figure 9.13, the electric field for the forward wave can be made to vanish at the side 
of the ferrite slab at x — c + t , while the electric field of the reverse wave can be quite 
large at this same plane. If a thin resistive sheet is placed in this position the forward wave 
will be essentially unaffected, but the reverse wave will be attenuated. Such an isolator 
is called a field displacement isolator, high values of isolation with a relatively compact 
device can be obtained with bandwidths on the order of 10%. Another advantage of the 
field displacement isolator over the resonance isolator is that a much smaller bias field is 
required since it operates well below gyromagnetic resonance. 

The main problem in designing a field displacement isolator is to determine the design 
parameters that produce field distributions like those shown in Figure 9.13. The general 
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FIGURE 9.13 Geometry and electric fields of a field displacement isolator. 



form of the electric field is given in (9.77a), from the analysis of the ferrite slab-loaded 
waveguide. This shows that for the electric field of the forward wave to have a sinusoidal 
dependence for c + t < x < a, and to vanish at x = c + t, the cutoff wave number fc+ 
must be real and satisfy the condition that 



where d — a — c — t . In addition, the electric field of the reverse wave should have a hy- 
perbolic dependence for c + t < x < a, which implies that k~ must be imaginary. Since 
from (9.75), k 2 =k 2 ) — fi 2 , the above conditions imply that fi + < ko and fi~ > ko, where 
ko — cd^/JIq€q. These conditions on fi± depend critically on the slab position, which must 
be determined by numerically solving (9.79) for the propagation constants. The slab thick- 
ness also affects this result, but less critically; a typical value is t = a/10. 

It also turns out that in order to satisfy (9.88), to force E y — 0 at x — c + t , fi e — 
(p? — K 2 )/fi must be negative. This requirement can be intuitively understood by think- 
ing of the waveguide mode for c + t < x < a as a superposition of two obliquely traveling 
plane waves. The magnetic field components H x and H z of these waves are both perpendic- 
ular to the bias field, a situation that is similar to the extraordinary plane waves discussed 
in Section 9.2, where it was seen that propagation would not occur for ji e < 0. Applying 
this cutoff condition to the ferrite-loaded waveguide will allow a null in E y for the forward 
wave to be formed at x —c + t. 

The condition that \i e be negative depends on the frequency, saturation magnetiza- 
tion, and bias field. Figure 9.8 shows the dependence of fi e versus bias field for several 
frequencies and saturation magnetization. This type of data can be used to select the sat- 
uration magnetization and bias field to give (i e < 0 at the design frequency. Observe that 
higher frequencies will require a ferrite with higher saturation magnetization and a higher 
bias field, but ji e < 0 always occurs before the resonance in fi e at V^o(<»o + Further 
design details will be given in the following example. 

EXAMPLE 9.3 FIELD DISPLACEMENT ISOLATOR DESIGN 




(9.88) 



Design a field displacement isolator in an X-band waveguide to operate at 1 1 GHz. 
The ferrite has AnM s — 3000 G and e r — 13. Ferrite loss can be ignored. 
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Solution 

We first determine the internal bias field, Hq, such that fi e < 0. This can be found 
from Figure 9.8, which shows Ai e //x 0 versus Ho for AnM s — 3000 G at 1 1 GHz. 
We see that Hq — 1200 Oe should be sufficient. Also note from this figure that a 
ferrite with a smaller saturation magnetization would require a much larger bias 
field. 

Next we determine the slab position, c/a, by numerically solving (9.79) for 
the propagation constants, /3±, as a function of c/a. The slab thickness was set 
to t — 0.25 cm, which is approximately a/10. Figure 9.14a shows the resulting 
propagation constants, as well as the locus of points where fi + and c/a satisfy the 
condition of (9.88). The intersection of /3+ with this locus will ensure that E y — 0 
at x — c + t for the forward wave; this intersection occurs for a slab position 
of c/a — 0.028. The resulting propagation constants are fi+ — 0.724&0 < and 
P- = 1.607/fco > k 0 . 
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The electric fields are plotted in Figure 9.14b. Note that the forward wave 
has a null at the face of the ferrite slab, while the reverse wave has a peak (the 
relative amplitudes of these fields are arbitrary). A resistive sheet can be placed 
at this point to attenuate the reverse wave. The actual isolation will depend on the 
resistivity of this sheet; a value of 75 per square is typical. ■ 



FERRITE PHASE SHIFTERS 

Another important application of ferrite materials is in phase shifters, which are two-port 
components that provide variable phase shift by changing the bias field of the ferrite. (Mi- 
crowave diodes and FETs can also be used to implement phase shifters; see Section 10.3.) 
Phase shifters find application in test and measurements systems, but the most significant 
use is in phased array antennas where the antenna beam can be steered in space by elec- 
tronically controlled phase shifters. Because of this demand, many different types of phase 
shifters have been developed, both reciprocal (same phase shift in either direction) and 
nonreciprocal [2, 6]. One of the most useful designs is the latching (or remanent) nonre- 
ciprocal phase shifter using a ferrite toroid in a rectangular waveguide; we can analyze this 
geometry with a reasonable degree of approximation using the double ferrite slab geometry 
discussed in Section 9.3. Then we will qualitatively discuss the operation of a few other 
types of phase shifters. 



Nonreciprocal Latching Phase Shifter 

The geometry of a latching phase shifter is shown in Figure 9.15; it consists of a toroidal 
ferrite core symmetrically located in the waveguide with a bias wire passing through its 
center. When the ferrite is magnetized, the magnetization of the sidewalls of the toroid 
will be oppositely directed and perpendicular to the plane of circular polarization of the 
RF fields. Since the sense of circular polarization is also opposite on opposite sides of the 
waveguide, a strong interaction between the RF fields and the ferrite can be obtained. Of 
course, the presence of the ferrite perturbs the waveguide fields (the fields tend to concen- 
trate in the ferrite), so the circular polarization point does not occur at tanfe c x = k c /fio, as 
it does for an empty guide. 

In principle, such a geometry can be used to provide a continuously variable (analog) 
phase shift by varying the bias current. However, a more useful technique employs the 
magnetic hysteresis of the ferrite to provide a phase shift that can be switched between two 
values (digital). A typical hysteresis curve is shown in Figure 9.16, showing the variation 
in magnetization, M, with bias field, Hq. When the ferrite is initially demagnetized and the 
bias field is off, both M and Hq are zero. As the bias field is increased, the magnetization 
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FIGURE 9.15 Geometry of a nonreciprocal latching phase shifter using a ferrite toroid. 
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increases along the dashed-line path until the ferrite is magnetically saturated, and M — 
M s . If the bias field is now reduced to zero, the magnetization will decrease to a remanent 
condition (like a permanent magnet), where M — M r . A bias field in the opposite direction 
will saturate the ferrite with M — —M s , whereupon removal of the bias field will leave the 
ferrite in a remanent state with M — —M r . Thus we can "latch" the ferrite magnetization 
in one of two states, where M — ±M r , giving a digital phase shift. The amount of differ- 
ential phase shift between these two states is controlled by the length of the ferrite toroid. 
In practice, several sections having individual bias lines and decreasing lengths are used 
in series to give binary differential phase shifts of 180°, 90°, 45°, etc., to as fine a resolution 
as desired (or can be afforded). An important advantage of the latching mode of operation 
is that the bias current does not have to be continuously applied, but only pulsed with 
one polarity or the other to change the polarity of the remanent magnetization; switching 
speeds can be on the order of a few microseconds. The bias wire can be oriented perpen- 
dicular to the electric field in the guide, with a negligible perturbing effect. The top and 
bottom walls of the ferrite toroid have very little magnetic interaction with the RF fields 
because the magnetization is not perpendicular to the plane of circular polarization, and 
the top and bottom magnetizations are oppositely directed. These walls provide mainly a 
dielectric loading effect, and the essential operating features of the remanent phase shifters 
can be obtained by considering the simpler dual ferrite slab geometry of Section 9.3. 

For a given operating frequency and waveguide size, the design of a remanent dual- 
slab phase shifter mainly involves the determination of the slab thickness, f, the spacing 
between the slabs, s — 2d — a — 2c — 2t (see Figure 9.10), and the length of the slabs 
for the desired phase shift. This requires the propagation constants, fi±, for the dual-slab 
geometry, which can be numerically evaluated from the transcendental equation of (9.84). 
This equation requires values for /x and k, which can be determined from (9.25) for the 
remanent state by setting Hq — 0 («o = 0) and M s — M r (co m — noyM r ): 

Ijl = no, (9.89a) 

COw 

K = -mo — - (9.89b) 

0) 

The differential phase shift, /J+ — is linearly proportional to k for k/iiq up to about 
0.5. Then, since k is proportional to M r , as seen by (9.89b), it follows that a shorter length 
of ferrite can be used to provide a given phase shift if a ferrite with a higher remanent 
magnetization is selected. The insertion loss of the phase shifter increases with length but 
is a function of the ferrite linewidth, AH. A figure of merit commonly used to characterize 
phase shifters is the ratio of phase shift to insertion loss, measured in degrees/dB. 



484 Chapter 9: Theory and Design of Ferrimagnetic Components 




EXAMPLE 9.4 REMANENT PHASE SHIFTER DESIGN 

Design a two-slab remanent phase shifter at 10 GHz using an X-band waveguide 
with ferrite having AjzM r — 1786 G and € r — 13. Assume that the ferrite slabs 
are spaced 1 mm apart. Determine the slab thickness for maximum differential 
phase shift, and the lengths of the slabs for 180° and 90° phase shifter sections. 

Solution 

From (9.89) we have that 

^ = 1, 
Mo 

k ± ft) m ± (2.8 MHz/Oe)(1786G) _ 
M~ ~^ ~ 10,000 MHz ~ 

Using a numerical root-finding technique, such as interval halving, we can solve 
(9.84) for the propagation constants f} + and /S_ by using positive and negative val- 
ues of k. Figure 9.17 shows the resulting differential phase shift, (fi + — fi-)/ko, 
versus slab thickness, t, for several slab spacings. Observe that the phase shift 
increases as the spacing, s, between the slabs decreases and as the slab thickness 
increases, for t/a up to about 0.12. 

From the curve in Figure 9.17 for 5 = 1 mm, we see that the optimum slab 
thickness for maximum phase shift is t/a — 0.12, or t — 2.1 A mm, since a — 
2.286 cm for an X-band guide. The corresponding normalized differential phase 
shift is 0.40, so 



^ + -^=0.4 fe) =0.4( 2 ^) 
= 0.836 rad/cm = 48°/cm. 




FIGURE 9.17 Differential phase shift for the two-slab remanent phase shifter of Example 9.4. 
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The ferrite length required for the 180° phase shift section is then 

180° 

3.75 cm, 



48°/cm 

while the length required for a 90° section is 

90° 

L = = 1.88 cm. 

48° /cm ■ 

Other Types of Ferrite Phase Shifters 

Many other types of ferrite phase shifters have been developed, with various combina- 
tions of rectangular or circular waveguide, transverse or longitudinal biasing, latching or 
continuous phase variation, and reciprocal or nonreciprocal operation. Phase shifters us- 
ing printed transmission lines have also been proposed. Even though PIN diode and FET 
circuits offer a less bulky and more integratable alternative to ferrite components, ferrite 
phase shifters often have advantages in terms of cost, power-handling capacity, and power 
requirements. However, there is still a great need for a low-cost, compact phase shifter, 
primarily for phased array antenna systems. 

Several waveguide phase shifter designs are derived from the nonreciprocal Faraday 
rotation phase shifter shown in Figure 9.18. In operation, a rectangular waveguide TEio 
mode entering at the left is converted to a TEn circular waveguide mode with a short 
transition section. Then a quarter-wave dielectric plate, oriented 45° from the electric field 
vector, converts the wave to an RHCP wave by providing a 90° phase difference between 
the field components that are parallel and perpendicular to the plate. In the ferrite-loaded 
region the phase delay is /3 + z, which can be controlled with the bias field strength. A sec- 
ond quarter-wave plate converts the wave back to a linearly polarized field. The operation 
is similar for a wave entering at the right, except now the phase delay is /8_z; the phase 
shift is thus nonreciprocal. The ferrite rod is biased longitudinally, in the direction of prop- 
agation, with a solenoid coil. This type of phase shifter can be made reciprocal by using 
nonreciprocal quarter-wave plates to convert a linearly polarized wave to the same sense 
of circular polarization for either propagation direction. 




FIGURE 9.18 Nonreciprocal Faraday rotation phase shifter. 
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FIGURE 9.19 Reggia-Spencer reciprocal phase shifter. 



The Reggia-Spencer phase shifter, shown in Figure 9.19, is a popular reciprocal phase 
shifter. In either rectangular or circular waveguide form, a longitudinally biased ferrite rod 
is centered in the guide. When the diameter of the rod is greater than a certain critical size, 
the fields become tightly bound to the ferrite and are circularly polarized. A large reciprocal 
phase shift can be obtained over relatively short lengths, although the phase shift is rather 
frequency sensitive. 

The Gyrator 

An important canonical nonreciprocal component is the gyrator, which is a two-port device 
having a 180° differential phase shift. The schematic symbol for a gyrator is shown in 
Figure 9.20, and the scattering matrix for an ideal gyrator is 



[S] 



0 

-1 



(9.90) 



which shows that it is lossless, matched, and nonreciprocal. Use of the gyrator as a basic 
nonreciprocal building block in combination with reciprocal dividers and couplers can lead 
to useful equivalent circuits for nonreciprocal components such as isolators and circulators. 
Figure 9.21, for example, shows an equivalent circuit for an isolator using a gyrator and 
two quadrature hybrids. 



FIGURE 9.20 Symbol for a gyrator, which has a differential phase shift of 1 80° 




FIGURE 9.21 An isolator constructed with a gyrator and two quadrature hybrids. The forward 
wave (—)■) is passed, while the reverse wave (•«-) is absorbed in the matched load 
of the first hybrid. 
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The gyrator can be implemented as a phase shifter with a 180° differential phase shift; 
bias can be provided with a permanent magnet, making the gyrator a passive device. 



FERRITE CIRCULATORS 

As discussed in Section 7.1, a circulator is a three-port microwave device that can be 
lossless and matched at all ports; by using the unitary properties of the scattering matrix 
we were able to show that such a device must be nonreciprocal. The scattering matrix for 
an ideal circulator thus has the following form: 



[S] = 



0 0 1 

1 0 0 
0 1 0 



(9.91) 



which shows that power can flow from port 1 to port 2, port 2 to port 3, and port 3 to port 1, 
but not in the reverse directions. By transposing the port indices, the opposite circularity 
can be obtained. For a ferrite circulator, this result can be produced by changing the polarity 
of the magnetic bias field. Most circulators use permanent magnets for the bias field, but 
if an electromagnet is used the circulator can operate in a latching (remanent) mode as a 
single-pole double-throw (SPDT) switch. A circulator can also be used as an isolator by 
terminating one of the ports with a matched load. A photograph of a disassembled stripline 
circulator is shown in Figure 9.22. 




FIGURE 9.22 Photograph of a disassembled ferrite junction circulator, showing the stripline con- 
ductor, the ferrite disks, and the bias magnet. The middle port of the circulator is 
terminated with a matched load, so this circulator is actually configured as an iso- 
lator. Note the change in the width of the stripline conductors due to the different 
dielectric constants of the ferrite and the surrounding plastic material. 



488 Chapter 9: Theory and Design of Ferrimagnetic Components 



We will first discuss the properties of an imperfectly matched circulator in terms of its 
scattering matrix, and then we will analyze the operation of the stripline junction circulator. 
The operation of waveguide circulators is similar in principle. 



Properties of a Mismatched Circulator 



If we assume that a circulator has circular symmetry around its three ports and is lossless, 
but not perfectly matched, we can write its scattering matrix as 



[S] = 



r p 
a r 

P a 



(9.92) 



Since the circulator is assumed lossless, the scattering matrix must be unitary, which im- 
plies the following two conditions: 



|r| 2 + |/j| 2 + |«| 2 



L, 



rp* + aF* + p a * = 0. 



(9.93a) 
(9.93b) 



If the circulator were matched (T = 0), then (9.93) shows that either a — 0 and \p\ = 1, 
or p — 0 and \a\ — 1; this describes the ideal circulator with its two possible circularity 
states. Observe that this condition depends only on a lossless and matched device. 

Now assume small imperfections, such that |T| 1. To be specific, consider the cir- 
cularity state where power flows primarily in the 1-2-3 direction, so that \ce\ is close to unity 
and \p\ is small. Thenar ~ 0, and (9.93b) shows that aV* + Pa* ~ 0, so |T| ~ |j8|.Then 



(9.93a) shows that \a\ 2 ~ 1 - 2\p\' 
matrix of (9.92) can be written as 



[S] 



1 - 2|T| 2 , or \a\ ~ 1 - |T| 2 . Then the scattering 



r 
r 

l - r 2 



i-r 2 
r 
r 



(9.94) 



ignoring phase factors. This result shows that circulator isolation, p ~ T, and transmission, 
a ~ 1 — T 2 , both deteriorate as the input ports become mismatched. 



Junction Circulator 

The geometry of a stripline junction circulator is shown in Figure 9.23, and in the photo- 
graph of Figure 9.22. Two ferrite disks fill the spaces between the center metallic disk and 
the ground planes of the stripline. Three stripline conductors are attached to the periphery 
of the center disk at 120° intervals, forming the three ports of the circulator. The DC bias 
field is applied normal to the ground planes. 

In operation, the ferrite disks form a dielectric resonator; in the absence of a bias field, 
this resonator has a single lowest order resonant mode with a cos <j> (or sin </>) dependence. 
When the ferrite is magnetically biased this mode breaks into two resonant modes having 
slightly different resonant frequencies. The operating frequency of the circulator can then 
be chosen so that the superposition of these two modes adds at the output port and cancels 
at the isolated port. 

We can analyze the junction circulator by treating it as a thin cavity resonator with 
electric walls on the top and bottom, and an approximate magnetic wall on the side. Then 
E p — ~ 0, and d/dz — 0, so we have TM modes. Since E z on either side of the center 
conducting disk is antisymmetric, we need only consider the solution for one of the ferrite 
disks [7]. 
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(a) (b) 
FIGURE 9.23 A stripline junction circulator, (a) Pictorial view, (b) Geometry. 



We first transform (9.23), B — [fi]H, from rectangular to cylindrical coordinates: 



Bp — B x cos <f> + By sin </> 

= (fiH x + jicHy) cos 0 + (-jtcH x + fiHy) sin0 

= fiH p + jKH<p, 

= —B x sin <j> + By cos cj> 

— -(jiH x + jicH y ) sin0 + (—jicH x + fJ,H y ) cos 0 



So we have that 







-H P 1 


Bj, 


= W 




- B z _ 




- H z - 



(9.95a) 



(9.95b) 



(9.96) 



where [/x] is the same matrix as for rectangular coordinates, as given in (9.24). 

In cylindrical coordinates, with d/dz — 0, Maxwell's curl equations reduce to the 
following: 

1 dE 7 



dp 



-j(o(-jicHp + fiHtp), 



3(pH 0 ) dH p 



dp 



90 



- jcoeE z . 



Solving (9.97a) and (9.97b) for H p and in terms of E z gives 



dE 7 



k + J K a 
p d(p dp 



Ha, 



jY (-]KdE z 



dE 7 



(9.97a) 
(9.97b) 
(9.97c) 

(9.98a) 
(9.98b) 



kfi \ p 90 dp 

where k 2 — co 2 e(fi 2 — K 2 )/fi — m 2 €fi e is an effective wave number, and Y — -y/e/fi e is an 
effective admittance. Using (9.98) to eliminate H p and in (9.97c) gives a wave equation 



490 Chapter 9: Theory and Design of Ferrimagnetic Components 



for£ z : 



d z E 7 



+ 



1 8E 7 



1 d 2 E 7 



k l E 7 



0. 



(9.99) 



dp 2 p dp p 2 9</> 2 

This equation is identical in form to the equation for E z for the TM mode of a circular 
waveguide, so the general solution can be written as 



E zn = [A +B e>* + A- n e-M] J„(kp), 



(9.100a) 



where we have excluded the solution with Y n (kp) because E z must be finite at p — 0. We 
will also need H<p n , which can be found using (9.98b): 



Hcpn = -jY \A +n e 



Jn<j> 



riK 



J' n (kp)+- J n (kp) 

kpfi 



+ A- n e 



J' n (kp)-- J n {kp) 

kp\i 



(9.100b) 



The resonant modes can now be found by enforcing the boundary condition that — 0 
at p — a. 

If the ferrite is not magnetized, then Ho — M s — 0 and coo — co m — 0, so that k — 0 
and [i — ii e — no, and resonance occurs when 

or ka — xo — p' u — 1.841. Define this frequency as a>o (not to be confused with coo — 
KMo#o): 



wo — 



xo 



aJep. e 



1.841 

aJejjio 



(9.101) 



When the ferrite is magnetized there are two possible resonant modes for each value of 
n, as associated with either a e- 7 "^ variation or a variation. The resonance condition 

for the two n = 1 modes is 



fix 



- Jl(x) ± J[(x) = 0, 



(9.102) 



where x — ka. This result shows the nonreciprocal property of the circulator, since chang- 
ing the sign of k (the polarity of the bias field) in (9.102) leads to the other root and 
propagation in the opposite direction in (p. 

If we let x + and x_ be the two roots of (9.102), then we can express the resonant 
frequencies for these two n — 1 modes as 



co± = 



x± 



aJepie 



(9.103) 



We can develop an approximate result for co± if we assume that k//i is small, so that 
co± will be close to coo of (9.101). Using a Taylor series about xq for the two terms in 
(9.102) gives the following results, since J[(xq) — 0: 

J\{x) ~ h{xo) + (x - xo)J[{xo) = Ji(xo), 
J[(x) ~ j[{xo) + (x- xo)J"(x Q ) 



= -(x - xo) 1 



Ji(xo). 
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Then (9.102) becomes 



/XXQ 



T (x± - xo) 1 



= 0, 



or 



x± 



-Xq(^ 



1 ±0.418- 



since xq — 1.841. This result gives the resonant frequencies as 



1 ±0.418- 



(9.104) 



(9.105) 



Note that co± approaches a>o as k 



0, and that 

CO- < COQ < co + . 



We can use a superposition of these two modes to design a circulator. The amplitudes 
of these modes give two degrees of freedom that can be used to provide coupling from the 
input to the output port, and to provide cancellation at the isolated port. It will turn out that 
&>o will be the operating frequency, which will be between the resonances of the co± modes. 
Thus, ^ 0 over the periphery of the ferrite disks since co ^ co±. If we select port 1 as 
the input port, port 2 as the output port, and port 3 as the isolated port, as in Figure 9.23, 
we can assume the following E z field at the ports at p — a: 

IEq, for 0 = 0 (port 1), 

-E 0 , for0 = 120° (port 2), (9.106a) 
0, for 0 = 240° (port 3). 

If the feedlines are narrow, the E z field will be relatively constant across their width. The 
corresponding field should be 



H^ip =a,4>) = 



Hq for — \fr < (j) < \p-, 

H Q for 120° < 0< 120° + if, 

0 elsewhere. 



Equating (9.106a) to E z of (9.100a) gives the mode amplitude constants as 

£ 0 (l±y/V3) 



A+i = 



A_i = 



2J\(ka) 
£ 0 (1 - j/V3) 



(9.106b) 



(9.107a) 



2Ji(ka) 

Then (9. 100a) and (9. 100b) can be reduced to give the electric and magnetic fields as 



(9.107b) 



hi 



H, 



01 



E Q Jj (kp) 
2Ji(ka) 
EpJj (kp) 
J\{ka) 

-jYEp 
2J\ (ka) 



1 - 



J 

V3 



cos 4> 



sin0 

J[{kp) 



(9.108a) 



J_ 

V37L 



V3J 



J[(kp) 



K 
kpjJL 



kpp, 

h(kp) 



Mkp)\e 



-J4> 



(9.108b) 
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To approximately equate H 4 \ to H 4 in (9.106b) requires that H 4 be expanded in a Fourier 
series: 

oo 

H 4> { P =a,<t>)= J2 C »e in4 



2H 0 f 



Tt 



H 

+ — [(1 + e -i2^»/3) e ./«0 + (1 + e j27rn/3 )e -;n0j 
«=1 

sinni/f 



x 



n 



(9.109) 



The n = 1 term of this result is 

—jV3Ho sin \jr 



#01 (p = a, 0) = 



2tt 



1 + 



V3; 



V3j 



which can be equated to (9.108b) for p — a. Equivalence can be obtained if two conditions 
are met: 



J[(ka) =0, 



and 



YEqk V3 Hq sin \jr 
kan it 

The first condition is identical to the condition for resonance in the absence of bias, 
which implies that the operating frequency is &>o, as given by (9. 101). For a given operating 
frequency, (9. 101) can then be used to find the disk radius, a. The second condition can be 
related to the wave impedance at port 1 or 2: 



Eo 
H 0 



~j3kajjL sin xjr ji sin x[r 



ttYk 



kY 



(9.110) 



since V3ka/jt = V3(1.841)/tt ~ 1.0. Thus, Z w can be controlled for impedance match- 
ing by adjusting k//x via the bias field. 

We can compute power flows at the three ports as follows: 



P iD = Pi = -pExH* = E Z H 4 



4=0 



P 2 = p-Ex H* = -E Z H 4 



Piso = P3 = P ■ E x H* = -E Z H 4 



EqHq sin x/f 
EqHq sin xjr 



0=120° 



7T 



E 2 p«Y 
E%kY 

Till 



4=240° 



= 0. 



(9.111a) 

(9.111b) 
(9.111c) 



These results show that power flow occurs from port 1 to port 2, but not from port 1 to port 
3. By the azimuthal symmetry of the circulator, this also implies that power can be coupled 
from port 2 to port 3, or from port 3 to port 1, but not in the reverse directions. 

The electric field of (9.108a) is sketched in Figure 9.24 along the periphery of the 
circulator, showing that the amplitudes and phases of the e ^ modes are such that their 
superposition gives a null at the isolated port, with equal voltages at the input and output 
ports. This result ignores the loading effect of the input and output lines, which will distort 
the field from that shown in Figure 9.24. This design is narrowband, but bandwidth can be 
improved using dielectric loading; the analysis then requires consideration of higher order 
modes. 
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Input Output Isolated 

FIGURE 9.24 Magnitude of the electric field around the periphery of the junction circulator. 
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PROBLEMS 



9.1 A LHCP RF magnetic field of H — (0.5x + j0.5y) A/m is applied to a calcium vanadium garnet 
(CVG) ferrite medium having a saturation magnetization of An M s — 900 G. Ignoring loss, calculate 
the resulting magnetic flux density B at / = 2 GHz for two cases: (a) no magnetic bias field and 
ferrite demagnetized (M s — Hq — 0), and (b) a z-directed magnetic bias field of 800 Oe. 

9.2 Consider the following field transformations from linearly polarized to circular polarized compo- 
nents: 

B+ = (B x + jB y )/2, H+ = (H x + jH y )/2, (RHCP) 
B~ = (B x - jB y )/2, H~ = (H x - jH y )/2, (LHCP) 
B z = B z , H z — H z . 

For a z-biased ferrite medium, show that the relation between B and H can be expressed in terms of 
a diagonal tensor permeability as follows: 



B+- 




' (h + k) 


0 0 




-H+- 


B~ 




0 


(fl-K) 0 






B z _ 




0 


0 M0_ 




. H z _ 



9.3 A tunable oscillator uses a YIG sphere with 4nM s — 1780 G and requires an magnetic bias field 
of 700 Oe internal to the sphere. What is the external applied magnetic field strength that must be 
applied to produce this internal field? 

9.4 A thin ferrite rod with 4nM s = 800 G is magnetically biased along its axis. Find the external bias 
field strength required to produce a gyromagnetic resonance at 2.52 GHz. 
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9.5 An infinite lossless ferrite medium with a saturation magnetization of 4nM s — 1200 G and a dielec- 
tric constant of 10 is biased to a field strength of 500 Oe. At 8 GHz, calculate the differential phase 
shift per meter between an RHCP and an LHCP plane wave propagating in the direction of bias. If 
a linearly polarized wave is propagating in this material, what is the distance it must travel in order 
that its polarization is rotated 90°? 

9.6 An infinite lossless ferrite medium with a saturation magnetization of 4nM s = 1780 G and a dielec- 
tric constant of 13 is biased in the x direction with a field strength of 2000 Oe. At 5 GHz, two plane 
waves propagate in the +z direction, one linearly polarized in x and the other linearly polarized in 
y. What is the distance these two waves must travel so that the differential phase shift between them 
is 180°? 

9.7 Consider a circularly polarized plane wave normally incident on an infinite ferrite medium, as shown 
below. Calculate the reflection and transmission coefficients for an RHCP (r + , T + ) and an LHCP 
(T~ , T~) incident wave. HINT: The transmitted wave will be polarized in the same sense as the 
incident wave, but the reflected wave will be oppositely polarized. 



Mo> £ 0 fori' e r e o 

E' 

lt - TE' 




9.8 An infinite lossless ferrite material with 4jzM s — 1200 G is biased in the x direction with Hq — Hqx. 
Determine the range of Hq, in oersteds, where an extraordinary wave (polarized in x, propagating in 
z) will be cut off. The frequency is 4 GHz. 

9.9 Find the forward and reverse propagation constants for a waveguide half-filled with a transversely 
biased ferrite. (The geometry of Figure 9.9 with c = 0 and t = a/2.) Assume a = 1.0 cm, / = 
10 GHz, 4nM s = 1700 G, and e r = 13. Plot versus Hq = 0 to 1500 Oe. Ignore loss and the fact that 
the ferrite may not be saturated for small Hq. 

9.10 Find the forward and reverse propagation constants for a waveguide filled with two pieces of oppo- 
sitely biased ferrite. (The geometry of Figure 9.10 with c = 0 and t = a/2.) Assume a = 1.0 cm, 
/ = 10 GHz, 4nM s = 1700 G, and e r = 13. Plot versus H 0 = 0 to 1500 Oe. Ignore loss and the 
fact that the ferrite may not be saturated for small Hq. 

9.11 Consider a wide, thin ferrite slab in a rectangular X-band waveguide, as shown in Figure 9.11b. If 
/ = 10 GHz, 4tcM s = 1700 G, c = a/4, and AS = 2 mm 2 , use the perturbation formula of (9.80) 
to plot the differential phase shift, (/8+ — /}_)/ Icq, versus the bias field for Hq = 0 to 1200 Oe. Ignore 
loss. 

9.12 An E -plane resonance isolator with the geometry of Figure 9.11a is to be designed to operate at 
8 GHz, with a ferrite having a saturation magnetization of 4nM s — 1500 G. (a) What is the ap- 
proximate bias field, Hq, required for resonance? (b) What is the required bias field if the //-plane 
geometry of Figure 9. 1 lb is used? 

9.13 Design a resonance isolator using the //-plane ferrite slab geometry of Figure 9. 1 lb in an X-band 
waveguide. The isolator should have minimum forward insertion loss, and a reverse attenuation of 
30 dB at 10 GHz. Use a ferrite slab having AS/S = 0.01, 4nM s = 1700 G, and AH = 200 Oe. 

9.14 Calculate and plot the two normalized positions, x/a, where the magnetic fields of the TEjo mode 
of an empty rectangular waveguide are circularly polarized, for k.Q = k c to 2^ . 
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9.15 A conceptual latching ferrite phase shifter using the birefringence effect is shown below. In state 1, 
the ferrite is magnetized so that Hq = 0 and M = M r x. In state 2, the ferrite is magnetized so that 
#0 = 0 and M = M r y. If / = 10 GHz, e r = 12, and AitM r = 1500 G, find the required length L 
to achieve a differential phase shift of 90°. Assume the incident plane wave is x polarized for both 
states, and ignore reflections. 




9.16 Rework Example 9.4 with a slab spacing of s — 2 mm and a remanent magnetization of 1000 G. 
(Assume all other parameters as unchanged and that the differential phase shift is linearly propor- 
tional to K.) 

9.17 Consider a latching phase shifter constructed with a wide, thin H -plane ferrite slab in an X-band 
waveguide, as shown in Figure 9.1 lb. If / = 9 GHz, An M r — 1200 G, c — a/4, and AS = 2 mm 2 , 
use the perturbation formula of (9.80) to calculate the required length for a differential phase shift 
of 22.5°. 

9.18 Design a gyrator using the twin //-plane ferrite slab geometry shown below. The frequency is 
9.0 GHz, and the saturation magnetization is 4tzM s — 1700 G. The cross-sectional area of each 
slab is 3.0 mm 2 and the guide is X-band waveguide. The permanent magnet has a field strength of 
H a = 4000 Oe. Determine the internal field in the ferrite, Hq, and use the perturbation formula of 
(9.80) to determine the optimum location of the slabs and the length, L, to give the necessary 180° 
differential phase shift. 




9.19 
9.20 



Draw an equivalent circuit for a circulator using a gyrator and two couplers. 

A certain lossless circulator has a return loss of 10 dB. What is the isolation? What is the isolation if 
the return loss is 20 dB? 




Chapter Ten 



Noise and Nonlinear Distortion 



The effect of noise is critical to the performance of most RF and microwave communica- 
tions, radar, and remote sensing systems because noise ultimately determines the threshold for 
the minimum signal that can be reliably detected by a receiver. Noise power in a receiver will 
be introduced from the external environment through the receiving antenna, as well as gen- 
erated internally by the receiver circuitry. Here we will study the sources of noise in RF and 
microwave systems, and the characterization of components in terms of noise temperature and 
noise figure, including the effect of impedance mismatch. The additional noise-related topics 
of transistor amplifier noise figure, oscillator phase noise, and antenna noise temperature will 
be discussed in later chapters. 

We will also discuss the related topics of compression, harmonic distortion, intermodula- 
tion distortion, and dynamic range. These can have important limiting effects when large signal 
levels are present in mixers, amplifiers, and other components that use nonlinear devices such 
as diodes and transistors. 



NOISE IN MICROWAVE CIRCUITS 

Noise power is a result of random processes such as the flow of charges or holes in an 
electron tube or solid-state device, propagation through the ionosphere or other ionized 
gas, or, most basic of all, the thermal vibrations in any component at a temperature above 
absolute zero. Noise can be passed into a microwave system from external sources, or gen- 
erated within the system itself. In either case the noise level of a system sets the lower 
limit on the strength of a signal that can be detected in the presence of the noise. Thus, 
it is generally desired to minimize the residual noise level of a radar or communications 
receiver to achieve the best performance. In some cases, such as radiometers or radio as- 
tronomy systems, the desired signal is actually the noise power received by an antenna, 
and it is necessary to distinguish between the received noise power and the undesired noise 
generated by the receiver system itself. 
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FIGURE 10.1 Illustrating the dynamic range of a realistic amplifier. 



Dynamic Range and Sources of Noise 

In previous chapters we have implicitly assumed that all components were linear (meaning 
that the output signal level is directly proportional to the input signal level), and determin- 
istic (meaning that the output signal is predictable from the input signal). In reality no 
component can perform in this way over an unlimited range of input/output signal levels. 
In practice, however, there is usually a range of signal levels over which such assumptions 
are approximately valid; this range is called the dynamic range of the component. 

As an example, consider a realistic microwave transistor amplifier having a power gain 
G, as shown in Figure 10.1. If the amplifier were ideal, the output power would be related 
to the input power as P out = GP; n , and this relation would hold true for any value of P m . 
Thus, if P in = 0, we would have P out = 0, and if P in = 10 6 W and G — 10 dB, we would 
have P out — 10 7 W. Neither of these results would actually occur in practice, however. 
Because of noise generated by the amplifier itself, some nonzero noise power will always 
be delivered by the amplifier, even when the input power is zero. At the other extreme, 
very high input power will cause the amplifier to fail. Thus, the actual relation between the 
output and input power will be as shown in Figure 10.1. At very low input power levels, 
the output will be dominated by the noise generated by the amplifier. This level is often 
called the noise floor of the component or system; typical values may range from —80 
to —140 dBm over the bandwidth of the system, with the lowest values being obtained 
with thermally cooled components. Above the noise floor, the amplifier will have a range 
of input power for which P out = GP; n is closely approximated. This is the usable dynamic 
range of the component. At the upper end of this range, the output will begin to saturate, 
meaning that the output power no longer increases linearly as the input power increases. 
Excessive input power will lead to failure of the amplifier. 

Noise that is generated internally in a device or component is usually caused by ran- 
dom motions of charges or charge carriers in devices and materials. Such motions may be 
due to any of several mechanisms, leading to various types of noise: 

• Thermal noise is the most basic type of noise, being caused by thermal vibration of 
bound charges. It is also known as Johnson or Nyquist noise. 

• Shot noise is due to random fluctuations of charge carriers in an electron tube or 
solid-state device. 

• Flicker noise occurs in solid-state components and vacuum tubes. Flicker noise 
power varies inversely with frequency, and so is often called 1 //-noise. 
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• Plasma noise is caused by random motion of charges in an ionized gas, such as a 
plasma, the ionosphere, or sparking electrical contacts. 

• Quantum noise results from the quantized nature of charge carriers and photons; it 
is often insignificant relative to other noise sources. 

External noise may be introduced into a system either by a receiving antenna or by 
electromagnetic coupling. Some sources of external RF noise include the following: 

• Thermal noise from the ground 

• Cosmic background noise from the sky 

• Noise from stars (including the sun) 

• Lightning 

• Gas discharge lamps 

• Radio, TV, and cellular stations 

• Wireless devices 

• Microwave ovens 

• Deliberate jamming devices 

The characterization of noise effects in RF and microwave systems in terms of noise 
temperature and noise figure will apply to all types of noise, regardless of the source, as 
long as the spectrum of the noise is relatively fiat over the bandwidth of the system. Noise 
with a flat frequency spectrum is called white noise. 

Noise Power and Equivalent Noise Temperature 

Consider a resistor at a physical temperature of T degrees kelvin (K), as depicted in Figure 
10.2. The electrons in the resistor are in random motion, with a kinetic energy that is 
proportional to the temperature. These random motions produce small, random voltage 
fluctuations at the resistor terminals, as illustrated in Figure 10.2. This voltage has a zero 
average value but a nonzero root mean square (rms) value given by Planck's blackbody 
radiation law, 



where 

h = 6.626 x 10" 34 J -sec is Planck's constant. 
k — 1.380 x 10~ 23 J/Kis Boltzmann's constant. 
T — the temperature in degrees kelvin (K). 
B = the bandwidth of the system in Hz. 
/ = the center frequency of the bandwidth in Hz. 
R = the resistance in Q. 




(10.1) 





FIGURE 10.2 A random voltage generated by a noisy resistor. 



10.1 Noise in Microwave Circuits 499 





Ideal 
bandpass 
filter 




c ° — 


° 1 









FIGURE 10.3 Equivalent circuit of a noisy resistor delivering maximum power to a load resistor 
through an ideal bandpass filter. 



This result comes from quantum mechanical considerations, and is valid for any frequency 
/. At microwave frequencies the above result can be simplified by making use of the fact 
that hf « fcr. (As a worst-case example, let / = 100 GHz and T = 100 K. Then hf = 
6.6 x 10~ 23 <£kT — 1.4 x 10~ 21 .) Using the first two terms of a Taylor series expansion 
for the exponential in (10.1) gives 

e h//kt _i~hL 

kT' 

so that (10.1) reduces to 

V„ = V4kTBR. (10.2) 

This is the Rayleigh-Jeans approximation, and is the result that is most commonly used 
in microwave work [1]. For very high frequencies or very low temperatures, however, this 
approximation may be invalid, in which case (10.1) should be used. 

The noisy resistor of Figure 10.2 can be replaced with a Thevenin equivalent circuit 
consisting of a noiseless resistor and a generator with a voltage given by (10.2), as shown 
in Figure 10.3. Connecting a load resistor R results in maximum power transfer from the 
noisy resistor, with the result that power delivered to the load in a bandwidth B is 

/ V„ \ 2 V 2 
P n = \ — ) R — — = kTB, (10.3) 
\2R J 4R 

since V„ is an rms voltage. This important result gives the maximum available noise power 
from the noisy resistor at temperature T . Note that this noise power is independent of 
frequency; such a noise source has a power spectral density that is constant with frequency, 
and is an example of a white noise source. The noise power is directly proportional to the 
bandwidth, which in practice is usually limited by the passband of the RF or microwave 
system. Independent white noise sources can be treated as Gaussian-distributed random 
variables, so the noise powers (variances) of independent noise sources are additive. 
The following trends can be observed from (10.3): 

• As B — > 0, P„ — > 0. This means that systems with smaller bandwidths collect less 
noise power. 

• As T — > 0, P„ — > 0. This means that cooler devices and components generate less 
noise power. 

• As B — > oo, P„ — > oo. This is the so-called ultraviolet catastrophe, which does not 
occur in reality because (10.2)-(10.3) are not valid as / (or B) — > oo; (10.1) must 
be used in this case. 

If an arbitrary source of noise (thermal or nonthermal) is "white," so that the noise 
power is not a strong function of frequency over the bandwidth of interest, it can be mod- 
eled as an equivalent thermal noise source, and characterized with an equivalent noise 
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FIGURE 10.4 The equivalent noise temperature, T e , of an arbitrary white noise source. 



temperature. Thus, consider the arbitrary white noise source of Figure 10.4, which has a 
driving -point impedance of R and delivers a noise power N 0 to a load resistor R. This 
noise source can be replaced by a noisy resistor of value R at temperature T e , where T e is 
an equivalent temperature selected so that the same noise power is delivered to the load. 
That is, 

No 

T e = — . (10.4) 
kB 

Components and systems can then be characterized by saying that they have an equiva- 
lent noise temperature T e ; this implies some fixed bandwidth B, which is generally the 
operational bandwidth of the component or system. 

For example, consider a noisy amplifier with a bandwidth B and gain G. Let the am- 
plifier be matched to noiseless source and load resistors, as shown in Figure 10.5. If the 
source resistor is at a (hypothetical) temperature of T s — 0 K, then the input power to the 
amplifier will be Ni = 0, and the output noise power N„ will be due only to the noise gen- 
erated by the amplifier itself. We can obtain the same load noise power by driving an ideal 
noiseless amplifier with a resistor at the temperature 

N„ 

T e = — — , (10.5) 
GkB V ' 

so that the output power in both cases is N a — GkT e B. Then T e is the equivalent noise 
temperature of the amplifier. 

It is sometimes useful for measurement purposes to have a calibrated noise source. A 
passive noise source may simply consist of a resistor held at a constant temperature, either 



N,= 0 N B 




(b) 

FIGURE 10.5 Defining the equivalent noise temperature of a noisy amplifier, (a) Noisy amplifier, 
(b) Noiseless amplifier. 
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in a temperature-controlled oven, or in a cryogenic flask. Active noise sources may use a 
diode, transistor, or tube to provide a calibrated noise power output. Noise generators can 
be characterized by an equivalent noise temperature, but a more common measure of noise 
power for such components is the excess noise ratio (ENR), defined as 

N s - N 0 T„- T Q 

ENR (dB) = 10 log = 10 log , (10.6) 

N 0 To 

where N g and T g are the noise power and equivalent noise temperature of the generator, 
and N 0 and 7b are the noise power and temperature associated with a room-temperature 
(7b = 290 K) passive source (a matched load). Solid-state noise generators typically have 
ENRs ranging from 20 to 40 dB. 



Measurement of Noise Temperature 

In principle, the equivalent noise temperature of a component can be determined by mea- 
suring the output power when a matched load at 0 K is connected at the input of the com- 
ponent. In practice, of course, a 0 K source temperature cannot be obtained, so a different 
method must be used. If two matched loads at significantly different temperatures are avail- 
able, then the Y -factor method can be applied. 

This technique is illustrated in Figure 10.6, where the amplifier (or other component) 
under test is connected to one of two matched loads at different temperatures, and the 
output power is measured for each case. Let T\ be the temperature of the hot load and 
T 2 the temperature of the cold load {T\ > T 2 ), and let Pi and P 2 be the respective powers 
measured at the amplifier output. The output noise power consists of noise power generated 
by the amplifier as well as noise power from the source resistor. Thus we have 

N\ = GkT\B + GkT e B, (10.7a) 
N 2 = GkT 2 B + GkT e B, (10.7b) 

which are two equations for the two unknowns, T e and GB (the gain-bandwidth product of 
the amplifier). Define the Y -factor as 

N\ Ti + T e 
Y = — = > 1, (10.8) 

N 2 T 2 + T e 

which is determined as the ratio of the output power measurements. Then (10.7) can be 
solved for the equivalent noise temperature of the device under test as 

7i - YT 2 

T e = y _ x - , (10.9) 
in terms of the load temperatures and the Y -factor. 



7i(hot) 




FIGURE 10.6 The 7 -factor method for measuring the equivalent noise temperature of an 
amplifier. 
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Note that to obtain accurate results from this method, the two source temperatures 
must not be too close together. If they are, Ni will be close to N 2 , Y will be close to unity, 
and the evaluation of (10.9) will involve the subtractions of numbers close to each other, 
resulting in a loss of accuracy. In practice, one noise source is usually a load resistor at 
room temperature (To = 290 K), while the other noise source is either "hotter" or "colder," 
depending on whether T e is greater or less than Tq. An active noise generator can be used 
as a "hot" source, while a "cold" source can be obtained by immersing a load resistor in 
liquid nitrogen (T — 77 K) or liquid helium (T — 4 K). 



EXAMPLE 10.1 NOISE TEMPERATURE MEASUREMENT 

An X-band amplifier has a gain of 20 dB and a 1 GHz bandwidth. Its equivalent 
noise temperature is to be measured via the F -factor method. The following data 
are obtained: 



For 7i = 290 K, 
For T 2 = 11 K, 



N\ = -62.0 dBm. 
N 2 = -64.7 dBm. 



Determine the equivalent noise temperature of the amplifier. If the amplifier is 
used with a source having an equivalent noise temperature of T s — 450 K, what 
is the output noise power from the amplifier, in dBm? 

Solution 

From (10.8), the F-factor in dB is 

Y = (Ni - N 2 ) dB = (-62.0) - (-64.7) = 2.7 dB, 

which is a numeric value of Y — 1.86. Using (10.9) gives the equivalent noise 
temperature as 

= 7j - YT 2 = 290- (1.86X77) = m R 



1 



1.86- 1 



If a source with an equivalent noise temperature of T s = 450 K drives the 
amplifier, the noise power into the amplifier will be kT s B. The total noise power 
out of the amplifier will be 

N 0 = GkT s B + GkT e B = 100(1.38 x 10 _23 )(10 9 )(450 + 170) 

= 8.56 x 10" 10 W = -60.7 dBm. ■ 



10.2 



NOISE FIGURE 



Definitio of Noise Figure 

We have seen that a noisy microwave component can be characterized by an equivalent 
noise temperature. An alternative characterization is the noise figure of the component, 
which is a measure of the degradation in the signal-to-noise ratio between the input and 
output of the component. The signal-to-noise ratio is the ratio of desired signal power to 
undesired noise power, and so is dependent on the signal power. When noise and a desired 
signal are applied to the input of a noiseless network, both noise and signal will be atten- 
uated or amplified by the same factor, so that the signal-to-noise ratio will be unchanged. 
However, if the network is noisy, the output noise power will be increased more than the 
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FIGURE 10.7 Determining the noise figure of a noisy network. 



output signal power, so that the output signal-to-noise ratio will be reduced. The noise 
figure, F, is a measure of this reduction in signal-to-noise ratio, and is defined as 

F - Si ^ Ni > 1, (10.10) 
So/No ~ 

where 5,, Ni are the input signal and noise powers, and S„, N„ are the output signal and 
noise powers. By definition, the input noise power is assumed to be the noise power result- 
ing from a matched resistor at Tq — 290 K; that is, Ni — kToB. 

Consider Figure 10.7, which shows noise power Ni and signal power 5, being fed 
into a noisy two-port network. The network is characterized by a gain, G, a bandwidth, 
B, and an equivalent noise temperature, T e . The input noise power is Ni — kT^B, and the 
output noise power is a sum of the amplified input noise and the internally generated noise: 
N„ — kGB(To + T e ). The output signal power is S„ — G5,-. Using these results in (10.10) 
gives the noise figure as 

Si kGB(T Q + T e ) T e 

F= — — - = 1 + — > 1. (10.11) 

kT Q B GSi Tq~ 

In dB, F — 101og(l + T e /To) dB > 0. If the network were noiseless, T e would be zero, 
giving F — 1, or 0 dB. Solving (10.1 1) for T e gives 

r e = (F-l)7b. (10.12) 

It is important to keep in mind two things concerning the definition of noise figure: noise 
figure is defined for a matched input source, and for a noise source equivalent to a matched 
load at temperature To — 290 K. Noise figure and equivalent noise temperatures are inter- 
changeable characterizations of the noise properties of a component. 

An important special case occurs in practice for a two-port network consisting of a 
passive, lossy component, such as an attenuator or lossy transmission line, held at a phys- 
ical temperature T. Consider such a network with a matched source resistor that is also at 
temperature T, as shown in Figure 10.8. The power gain, G, of a lossy network is less than 
unity; the loss factor, L, can be defined as L — 1/G > 1. Because the entire system is in 
thermal equilibrium at the temperature T, and has a driving point impedance of R, the out- 
put noise power must be N„ — kTB. However, we can also think of this power as coming 
from the source resistor (attenuated by the lossy line), and from the noise generated by the 
line itself. Thus we also have that 

N 0 = kTB = GkTB + GAr add ed, (10.13) 

where A^added is the noise generated by the line, as if it appeared at the input terminals of 
the line. Solving (10.13) for this power gives 

Wadded = l -^~kTB — (L — \)kTB. (10.14) 
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FIGURE 10.8 Determining the noise figure of a lossy line or attenuator with loss L and tempera- 
ture T. 



Then (10.4) shows that the lossy line has an equivalent noise temperature (referred to the 
input) given by 



1 - G 

T e = T = (L-Y)T. (10.15) 



From (10. 1 1) the noise figure is 



F = 1 + (L-1)J-. (10.16) 



If the line is at temperature Tq, then F — L. For instance, a 6 dB attenuator at room tem- 
perature has a noise figure of F — 6 dB. 



Noise Figure of a Cascaded System 

In a typical microwave system the input signal travels through a cascade of many different 
components, each of which may degrade the signal-to-noise ratio to some degree. If we 
know the noise figure (or noise temperature) of the individual stages, we can determine the 
noise figure (or noise temperature) of the cascade connection of stages. We will see that 
the noise performance of the first stage is usually the most critical, an interesting result that 
is very important in practice. 

Consider the cascade of two components, having gains G\, G2, noise figures F\, F%, 
and equivalent noise temperatures T e \, T e 2, as shown in Figure 10.9. We wish to find the 
overall noise figure and equivalent noise temperature of the cascade, as if it were a single 
component. The overall gain of the cascade is G1G2. 

Using noise temperatures, we can write the noise power at the output of the first 
stage as 

Ni = GikT 0 B + GikT e iB, (10.17) 





(a) 





G t G 2 
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1 ecas 





(b) 



FIGURE 10.9 Noise figure and equivalent noise temperature of a cascaded system, (a) Two cas- 
caded networks, (b) Equivalent network. 
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since Nj = kT^B for noise figure calculations. The noise power at the output of the second 
stage is 

N„ = G 2 N { + G 2 kT e2 B 

= GiG 2 fcB(Vo+7; 1 + ^-7; 2 ). (10.18) 

For the equivalent system we have 

N o = G 1 G 2 kB(T cas + T 0 ), (10.19) 
so comparison with (10.18) gives the noise temperature of the cascade system as 

Teas = T e i + -^T e2 . (10.20) 
Gi 

Using (10.12) to convert the temperatures in (10.20) to noise figures yields the noise figure 
of the cascade system as 

F au = Fi + -±-(F 2 -l). (10.21) 
G\ 

Equations (10.20) and (10.21) show that the noise characteristics of a cascaded system 
are dominated by the characteristics of the first stage since the effect of the second stage 
is reduced by the gain of the first (assuming G\ > 1). Thus, for the best overall system 
noise performance, the first stage should have a low noise figure and at least moderate 
gain. Expense and effort should be devoted primarily to the first stage, as opposed to later 
stages, since later stages have a diminished impact on the overall noise performance. 

Equations (10.20) and (10.21) can be generalized to an arbitrary number of stages, as 
follows: 

Teas = T e i + ^ + + • • • , (10.22) 



G\ G\G 2 
F3- 
G\G 2 



F 2 -\ F 3 - 1 
^cas = Fi + + -f— + • • • . (10.23) 




EXAMPLE 10.2 NOISE ANALYSIS OF A WIRELESS RECEIVER 

The block diagram of a wireless receiver front-end is shown in Figure 10.10. 
Compute the overall noise figure of this subsystem. If the input noise power from 
a feeding antenna is Ni = kTAB, where 7a = 150 K, find the output noise power 
in dBm. If we require a minimum signal-to-noise ratio (SNR) of 20 dB at the 
output of the receiver, what is the minimum signal voltage that should be applied 
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FIGURE 10.10 Block diagram of a wireless receiver front-end for Example 10.2. 
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at the receiver input? Assume the system is at temperature Tq, with a characteristic 
impedance of 50 Q, and an IF bandwidth of 10 MHz. 

Solution 

We first perform the required conversions from dB to numerical values: 

G a =10dB=10 G f = -1.0 dB = 0.79 G m = -3.0 dB = 0.5 
F a =2dB = 1.58 F/ = ldB = 1.26 F m =4dB=2.51 
Next, use (10.23) to find the overall noise figure of the system: 

F = Fa+ ^l + ^l = 13B + a-26-l) + (2.51-l) 
G a G a G f 10 (10)(0.79) 

- 1.80 = 2.55 dB. 

The best way to compute the output noise power is to use noise temperatures. 
From (10.12), the equivalent noise temperature of the overall system is 

T e — {F — l)7b = (1.80 - 1X290) = 232 K. 

The overall gain of the system is G — (10) (0.79) (0.5) = 3.95. Then we can find 
the output noise power as 

N„ = k(T A + T e )BG = (1.38 x 10 _23 )(150 + 232)(10 x 10 6 )(3.95) 

= 2.08 x 10" 13 W = -96.8 dBm. 

For an output SNR of 20 dB = 100, the input signal power must be 

S„ S 0 N 0 2.08 x 10" 13 „ 

Si = — = — — = 100 = 5.27 x 10" 12 W = -82.8 dBm. 

G N 0 G 3.95 

For a 50 Q system impedance, this corresponds to an input signal voltage of 
Vj = 4Zo~Si = 7(50X5.27 x 10" 12 ) = 1.62 x 10 -5 V = 16.2 /xV (rms). 

Note: It may be tempting to compute the output noise power from the definition 
of the noise figure, as 



--NiF(^j=NiFG=kT A BFG 

= (1.38 x 10" 23 )(150)(10 x 10 6 )(1.8)(3.95) = 1.47 x 10" 13 W. 

This is an incorrect result! The reason for the disparity with the earlier result is 
that the definition of noise figure assumes an input noise level of kT^B, while 
this problem involves an input noise of kT A B, with T A — 150 K ^ 7b. This is a 
common error, and suggests that when computing absolute noise power it is often 
safer to use noise temperatures to avoid this confusion. ■ 



Noise Figure of a Passive Two-Port Network 

We previously derived the noise figure for a matched lossy line or attenuator by using a 
thermodynamic argument. Here we generalize that technique to evaluate the noise figure 
of general passive networks (networks that do not contain active devices such as diodes or 
transistors, which generate nonthermal noise). In addition, this method will account for the 
change in noise figure that occurs when a component is impedance mismatched at either its 
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FIGURE 10.11 A passive two-port network with impedance mismatches. The network is at phys- 
ical temperature T. 



input or output port. Generally it is easier and more accurate to find the noise characteristics 
of an active device, such as a diode or transistor, by direct measurement than by calculation 
from first principles. 

Figure 10.11 shows an arbitrary passive two-port network, with a generator at port 1 
and a load at port 2. The network is characterized by its scattering matrix, [S]. In the general 
case, impedance mismatches may exist at each port, and we define these mismatches in 
terms of the following reflection coefficients: 

T, = reflection coefficient looking toward generator, 
Tin = reflection coefficient looking toward port 1 of network, 
r out = reflection coefficient looking toward port 2 of network, 
Tl — reflection coefficient looking toward load. 

If we assume the network is at temperature T, and that an available input noise power of 
Ni — kTB is applied to the input of the network, we can write the available output noise 
power at port 2 as 

N 2 = G 2X kTB + Gzi^Vadded, (10.24) 

where Af a dded is the noise power generated internally by the network (referenced to port 1), 
and G21 is the available power gain of the network from port 1 to port 2. The available 
power gain can be expressed in terms of the scattering parameters of the network and the 
port mismatches as (also see Section 12.1), 

power available from network IS21 l 2 (l — |Tsl 2 ) 

G 2 i = = - - ■ (10.25) 

power available from source |1 — Snrs| z (l — |r out | 2 ) 

As derived in Example 4.7, the output port mismatch is given by 

r 0 ut = S22+ ■ ( 10 - 26 > 

1 - -Jill s 

Observe that when the network is matched to its external circuitry, so that T s — 0 and 
S22 = 0, we have r out = 0 and G21 = IS21 1 2 , which is the gain of the network when it is 
matched. Also observe that the available gain of the network does not depend on the load 
mismatch, IY. This is because available gain is defined in terms of the maximum power 
that is available from the network, which occurs when the load impedance is conjugately 
matched to the output impedance of the network. 

Since the input noise power is kTB, and the network is passive and at temperature T, 
the network is in thermodynamic equilibrium, and so the available output noise power must 
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beN 2 



kTB. Then we can solve for Nodded fr° m (10.24) to give 

1-G 2 i 



Padded 



G21 



-Jtrs. 



Then the equivalent noise temperature of the network is 

™ Padded 1 — G2I , 



and the noise figure of the network is 



Tq 



1 + 



G21 



l-G 2l T 

G21 Tq 



(10.27) 



(10.28) 



(10.29) 



Note the similarity of (10.27)-(10.29) to the results in (10.14)-(10.16) for the lossy line — 
the essential difference is that here we are using the available gain of the network, which 
accounts for impedance mismatches between the network and the external circuit. We can 
illustrate the use of this result with some applications to problems of practical interest. 



Noise Figure of a Mismatched Lossy Line 

Earlier we found the noise figure of a lossy transmission line under the assumption that 
it was matched to its input and output circuits. Now we consider the case where the line 
is mismatched to its input circuit. Figure 10.12 shows a transmission line of length I at 
temperature T, with a power loss factor L — 1 / G, and an impedance mismatch between 
the line and the generator. Thus, Z g ^ Zq, and the reflection coefficient looking toward the 
generator is 



r, = 



Za + Zq 



56 0. 



The scattering matrix of the lossy line of characteristic impedance Zq can be written as 

-m 



[S] = 



0 1 

1 0 



(10.30) 



where is the propagation constant of the line. Using the elements of (10.30) in (10.26) 
gives the reflection coefficient looking into port 2 of the line as 



Tout = ^22 + 



1 - Snr, ~ T e 



(10.31) 




l out r L=° 

FIGURE 10.12 A lossy transmission line at temperature T with an impedance mismatch at its 



input port. 
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Then the available gain, from (10.25), is 

^(i-|r s | 2 ) L(1 _|r s p) 

G 2 i = t- = -A^-. (10.32) 

i-|r ou ,| 2 L 2 -\r s \ 2 

We can verify two limiting cases of (10.32): when L — 1 we have G21 = 1, and when 
V s — 0 we have G21 = l/L. Using (10.32) in (10.28) gives the equivalent noise tempera- 
ture of the mismatched lossy line as 

T e = 1 - ° 2l T = (L - 1)(L+ ^ I t. (10.33) 

G21 L(i-\r s \ 2 ) 

The corresponding noise figure can then be evaluated using (10.11). Observe that when 
the line is matched, V s = 0, and (10.33) reduces to T e — (L — l)T, in agreement with the 
result for the matched lossy line given by (10.15). If the line is lossless, then L = 1, and 
(10.33) reduces to T e — 0 regardless of mismatch, as expected. However, when the line is 
lossy and mismatched, so that L > 1 and \T S \ > 0, then the noise temperature given by 
(10.33) is greater than T e = (L — l)T, the noise temperature of the matched lossy line. 
The reason for this increase is that the lossy line actually delivers noise power out of both 
its ports, but when the input port is mismatched some of the available noise power at port 
1 is reflected from the source back into port 1 and appears at port 2. When the generator is 
matched to port 1, none of the available power from port 1 is reflected back into the line, 
so the noise power available at port 2 is a minimum. This result implies that impedance 
matching is important in minimizing noise temperature and noise figure. 



EXAMPLE 10.3 APPLICATION TO A WILKINSON POWER DIVIDER 

Find the noise figure of a Wilkinson power divider when one of the output ports is 
terminated in a matched load. Assume an insertion loss factor of L from the input 
to either output port. 

Solution 

From Chapter 7 the scattering matrix of a Wilkinson divider is given as 



[5] 



>2L 



0 1 1 

1 0 0 
1 0 0 



where the factor L > 1 accounts for the dissipative loss from port 1 to port 2 or 
3 (note that dissipative loss is distinct from the —3 dB power division ratio). To 
evaluate the noise figure of the Wilkinson divider, we first terminate port 3 with 
a matched load; this converts the three-port device into a two-port device. If we 
assume a matched source at port 1, we have V s — 0. Equation (10.26) then gives 
r out = S22 = 0, and so the available gain can be calculated from (10.25) as 

Gn = 1521,2 = 2T 

The equivalent noise temperature of the Wilkinson divider is, from (10.28), 

1 - G21 

T e = - 21 r = (2L-i)r, 

<J21 
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where T is the physical temperature of the divider. Using (10.11) gives the noise 
figure as 

F = l + J = 1 + (2Z,-1)^. 

Observe that if the divider is at room temperature, then T — Tq and the above 
reduces to F — 2L. If the divider is at room temperature and lossless, this reduces 
to F — 2 — 3 dB. In this case the source of the noise power is the isolation resistor 
contained in the Wilkinson divider circuit. 

Because the network is matched at its input and output, it is easy to obtain 
these same results using the thermodynamic argument directly. Thus, if we apply 
an input noise power of kTB to port 1 of the matched divider at temperature T, the 
system will be in thermal equilibrium and the output noise power must be kTB. 
We can also express the output noise power as the sum of the input power times 
the gain of the divider, and Nadded, the noise power added by the divider itself 
(referenced to the input to the divider): 

, kTB Padded 

kTB — . 

2L 2L 

Solving for Nadded gives A^added = kTB(2L — 1), so the equivalent noise temper- 
ature is 

T e = = (2L - 1)T, 

kB 

in agreement with the above. ■ 



Noise Figure of a Mismatched Amplifie 

Finally, consider the effect of an input impedance mismatch on the noise figure of an ampli- 
fier. As shown in Figure 10.13, the amplifier, when matched, has a gain G, a noise figure F, 
and a bandwidth B. The amplifier output is matched, but there is an impedance mismatch 
at the input represented by the reflection coefficient, V. Our previous results involving the 
effect of mismatch on noise figure made use of (10.29), but that was derived for a passive 
network and so cannot be directly used in this case. Instead we will use noise temperatures. 

Since we are dealing with noise figure, let the input noise power to the amplifier be 
Ni — kToB. Then the output noise power from the amplifier (referenced to the input) is 
given by 

N 0 =kT Q GB(l - \r\ 2 ) + kT Q (F - 1) GB (10.34) 

where the first term is due to the input noise power, decreased by the reflection at the input, 
and the second term is the noise power due to the amplifier itself, based on the equivalent 
noise temperature as given by (10.12). For an applied signal power Si, the output signal 




FIGURE 10.13 A noisy amplifier with an impedance mismatch at its input. 
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power is 

S„ = G(l-|r| 2 )S;. (10.35) 

The overall noise figure, F m , of the mismatched amplifier can be found from (10.10) as 

Si No = F-l 
SoNi 1 — ir 



F m = ihr = 1 + ^72- ( 10 - 36 ) 



Observe from (10.36) the limiting case that F m — F when |T| — 0 (no mismatch), and 
that this is the minimum noise figure that can be achieved since F m increases as the mis- 
match increases. This result demonstrates that good noise figure requires good impedance 
matching. This problem would be more complicated if a mismatch also existed at the out- 
put of the amplifier, particularly if the amplifier is not unilateral. 



NONLINEAR DISTORTION 

We have seen that thermal noise is generated by any lossy component. Since all realistic 
components have at least a small loss, the ideal linear component does not exist in practice 
because all realistic devices are nonlinear at very low signal levels due to noise effects. 
In addition, practical components may also become nonlinear at high signal levels. In the 
case of active devices, such as diodes and transistors, this may be due to effects such as 
gain compression or the generation of spurious frequency components due to device non- 
linearities, but all devices ultimately fail at very high power levels. In either case, these 
effects set a minimum and maximum realistic power range, or dynamic range, over which 
a given component or network will operate as desired. In this section we will study the re- 
sponse of nonlinear devices in general, and two definitions of dynamic range. These results 
will be useful for our later discussions of amplifiers (Chapter 12), mixers (Chapter 13), and 
wireless receivers (Chapter 14). 

Devices such as diodes and transistors have nonlinear characteristics, and it is this 
nonlinearity that is of great utility for desirable functions such as amplification, detection, 
and frequency conversion [2]. Nonlinear device characteristics, however, can also lead to 
undesirable effects such as gain compression and the generation of spurious frequency 
components. These effects may lead to increased losses, signal distortion, and possible 
interference with other radio channels or services. Some of the many possible effects of 
nonlinearity in RF and microwave circuits are listed below [3]: 

• Harmonic generation (multiples of a fundamental signal) 

• Saturation (gain reduction in an amplifier) 

• Intermodulation distortion (products of a two-tone input signal) 

• Cross-modulation (modulation transfer from one signal to another) 

• AM-PM conversion (amplitude variation causes phase shift) 

• Spectral regrowth (intermodulation with many closely spaced signals) 

Figure 10.14 shows a general nonlinear network, having an input voltage i>, and an 
output voltage v a . In the most general sense, the output response of a nonlinear circuit can 





Nonlinear 




device or 
network 


X, 


* 





FIGURE 10.14 A general nonlinear device or network. 
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be modeled as a Taylor series in terms of the input signal voltage: 



a 0 + a\v, ■+ a 2 vf + a 3 n ( 3 H , (10.37) 



where the Taylor coefficients are defined as 



a Q = v o (0) (DC output) (10.38a) 

dv 0 



a\ = 



a 2 = 



dv, 
d 2 v„ 



Vi=0 



dvf 



(linear output) (10.38b) 
(squared output) (10.38c) 



Vi=0 



and higher order terms. Different functions can be obtained from the nonlinear network 
depending on the dominance of particular terms in the expansion. The constant term, with 
coefficient ao, in (10.37) leads to rectification, converting an AC input signal to DC. The 
linear term, with coefficient a\, models a linear attenuator (a\ < 1) or amplifier (a\ > 1). 
The second-order term, with coefficient a 2 , can be used for mixing and other frequency 
conversion functions. Practical nonlinear devices usually have a series expansion contain- 
ing many nonzero terms, and a combination of several of the above effects will occur. We 
will consider some important special cases below. 

Gain Compression 

First consider the case where a single-frequency sinusoid is applied to the input of a general 
nonlinear network, such as an amplifier: 

Vi = V 0 cos&> 0 f. (10.39) 
Equation (10.37) gives the output voltage as 

v 0 — «o + a\ Vo cos coot + a 2 V Q 2 cos 2 coot + 03 V 0 3 cos 3 coot + ■ ■ ■ 

ao + ^a 2 V<fj + ^aiVo + cos&> 0 f + ^a 2 V 0 2 cos 2co 0 t 

+ -a-i V 0 3 cos 3coot H . (10.40) 

This result leads to the voltage gain of the signal component at frequency coq: 

Gv = ^ = ^ = «i + r sV Q \ (10.41) 

where we have retained only terms through the third order. 

The result of (10.41) shows that the voltage gain is equal to a\, the coefficient of the 
linear term, as expected, but with an additional term proportional to the square of the input 
voltage amplitude. In most practical amplifiers 03 typically has the opposite sign of a 1, so 
that the output of the amplifier tends to be reduced from the expected linear dependence 
for large values of Vo. This effect is called gain compression, or saturation. Physically, this 
is usually due to the fact that the instantaneous output voltage of an amplifier is limited by 
the power supply voltage used to bias the active device. 
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A typical amplifier response is shown in Figure 10.15. For an ideal linear amplifier a 
plot of the output power versus input power would be a straight line with a slope of unity, 
and the power gain of the amplifier given by the ratio of the output power to the input power. 
The amplifier response of Figure 10.15 tracks the ideal response over a limited range, then 
begins to saturate, resulting in reduced gain. To quantify the linear operating range of the 
amplifier, we define the 1 dB compression point as the power level for which the output 
power has decreased by 1 dB from the ideal linear characteristic. This power level is usually 
denoted by PidB, and can be stated in terms of either input power (IPiab) or output power 
{OPub)- The 1 dB compression point is typically given as the larger of these two options, 
so for amplifiers PidB is usually specified as an output power, while for mixers Pub is usu- 
ally specified in terms of input power. The relation between a compression point referenced 
at the input versus the output is given as, in dB, OPidB — IPidB + G — 1 dB [4, 5]. 



Harmonic and Intermodulation Distortion 

Observe from the expansion of (10.40) that a portion of the input signal at frequency a>o is 
converted to other frequency components. For example, the first term of (10.40) represents 
a DC voltage, which would be a useful response in a rectifier application. The voltage 
components at frequencies 2a>o or 3&>o can be useful for frequency multiplier circuits. 
In amplifiers, however, the presence of other frequency components will lead to signal 
distortion if those components are in the passband of the amplifier. 

For a single input frequency, or tone, coq, the output will in general consist of har- 
monics of the input frequency of the form na>o, for n = 0, 1, 2, ... . Often these harmonics 
lie outside the passband of the amplifier and so do not interfere with the desired signal at 
frequency cdq. The situation is different, however, when the input signal consists of two 
closely spaced frequencies. 

Consider a two-tone input voltage, consisting of two closely spaced frequencies cl>\ 
and 0)2- 



Vj — Vo(cos wit + cos ant). 



(10.42) 
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From (10.37) the output is 

V 0 — flo + fllVo( cos&l l f +COS&>2f) + fl2Vo (cOSWif +COS«2f) 2 
+ A3 V 0 3 (COS &>1 1 + COS (l>2t ) 3 H 

1 , 1 2 

= flo + aiVocos&>if + aiVocos&>2f + 2° 2 ^o (1 + c °s2a>if) + ^a2V Q (1 + cos2«2f) 

+ fl2V 0 2 cos(tt)i - CL> 2 )t + fl 2 V 0 2 cos(fti 1 + m 2 )t 

, /3 1 \ , /3 1 \ 

+ a 3^0 ( ^ COSWl? + - COSJWi? I + «3 V Q ( - COS&>2 f + - COS 3c0 2 t J 



+ fl 3 v 0 3 



3 3 3 

- COS CfJ>2 f + - C0S(2&>1 — &)2)f + - C0S(2&>1 + &i2)f 

3 3 3 

- cos wit + - cos(2&>2 — <*>i)t + - cos(2&>2 + &>i)f 



+ ■■■. (10.43) 



where standard trigonometric identities have been used to expand the initial expression. 
We see that the output spectrum consists of harmonics of the form 

m&>i+«tt> 2 , (10.44) 

with m, n — 0, ±1, ±2, ±3, These combinations of the two input frequencies are 

called intermodulation products, and the order of a given product is defined as \m \ + \n\. 
For example, the squared term of (10.43) gives rise to the following four intermodulation 
products of second order: 

2&>i (second harmonic of a>i) m — 2 n — 0 order = 2, 

2&>2 (second harmonic of 0)2) m — 0 n — 2 order = 2, 

a>\ — a>2 (difference frequency) m — 1 n = — 1 order = 2, 

a>\ + a>2 (sum frequency) m — 1 n — 1 order = 2. 

All of these second-order products are undesired in an amplifier, but in a mixer the sum or 
difference frequencies form the desired outputs. In either case, if a>\ and a>2 are close, all 
of the second-order products will be far from u>\ or (02 and can easily be filtered (either 
passed or rejected) from the output of the component. Note from (10.43) that the ratio of 
the amplitude of the second-order intermodulation product &>i — a>2 (or co\ + 0)2) to the 
amplitude of a second harmonic 2a>i (or 2&>2) is 2.0, so the second-order harmonic power 
will be 6 dB less than the power in the second-order sum or difference terms. 

The cubed term of (10.43) leads to six third-order intermodulation products: 3w\ , 3a>2, 
2&>i + a>2, 2u>2 + ol>i , 2a>i — a>2, and 2a>2 — a>i . The first four of these will again be located 
far from w\ or &>2, and will typically be outside the passband of the component. However, 
the two difference terms produce products located near the original input signals at a>\ and 
a>2, and so cannot be easily filtered from the passband of an amplifier. Figure 10.16 shows 
a typical spectrum of the second- and third-order two-tone intermodulation products. For 
an arbitrary input signal consisting of many frequencies of varying amplitude and phase, 
the resulting in-band intermodulation products will cause distortion of the output signal. 
This effect is called third-order intermodulation distortion. 

It can be seen from (10.43) that the ratio of the amplitude of the third-order intermod- 
ulation product 2u>\ — a>2 (or 2a>2 — &>i) to the amplitude of the third harmonic 3&>i (or 
3a>2) is 3.0, so the third-order harmonic power will be 9.54 dB less than the power in the 
third-order intermodulation terms. 
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iiil L 
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2w\ 



2o> 2 
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3<t>i / \3&> 2 



FIGURE 10.16 Output spectrum of second- and third-order two-tone intermodulation products, 
assuming w\ < a>2- 



Third-Order Intercept Point 

Equation (10.43) shows that as the input voltage Vo increases, the voltage associated with 
the third-order products increases as Vq . Since power is proportional to the square of volt- 
age, we can also say that the output power of third-order products must increase as the cube 
of the input power. So for small input powers the third-order intermodulation products will 
be very small, but will increase quickly as input power increases. We can view this effect 
graphically by plotting the output power for the first- and third-order products versus input 
power on log-log scales (or in dB), as shown in Figure 10.17. 

The output power of the first-order, or linear, product is proportional to the input 
power, and so the line describing this response has a slope of unity (before the onset of 
compression). The line describing the response of the third-order products has a slope of 3. 
(The second-order products would have a slope of 2, but since these products are generally 
not in the passband of the component, we have not plotted their response in Figure 10.17.) 
Both the linear and third-order responses will exhibit compression at high input powers, so 
we show the extension of their idealized responses with dotted lines. Since these two lines 
have different slopes, they will intersect, typically at a point above the onset of compres- 
sion, as shown in the figure. This hypothetical intersection point where the first-order and 
third-order powers would be equal is called the third-order intercept point, denoted as IPy, 
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it may be specified as either an input power level (IIP3), or an output power level (OIP3). 
The relation between an intercept point referenced at the input versus the output is simply 
OIP3, — G (UP?,)- As with the 1 dB compression point, the reference for IP3 is typically 
chosen to result in the largest value, so IP3 is usually referenced at the output for amplifiers 
and at the input for mixers. As depicted in Figure 10.17, IP3 generally occurs at a higher 
power level than PidB, the 1 dB compression point. Many practical components follow 
the approximate rule that IP3 is 10-15 dB greater than PidB, assuming these powers are 
referenced at the same point. 

We can express IP3 in terms of the Taylor coefficients of the expansion of (10.43) as 
follows. Define P m as the output power of the desired signal at frequency co\. Then from 
(10.43) we have 

p m = \a\V%. (10.45) 

Similarly, define P2 a>l -a> 2 as the output power of the intermodulation product of frequency 
2&>i — 0)2- Then from (10.43) we have 




(10.46) 



By definition, these two powers are equal at the third-order intercept point. If we define the 
input signal voltage at the intercept point as V/p, then equating (10.45) and (10.46) gives 

r a x v IP — ^a 3 v IP . 

Solving for Vjp yields 




(10.47) 



Since OIP3 is equal to the linear response of P mi at the intercept point, we have from 
(10.45) and (10.47) that 

1 2a 3 

OIP 3 = P m \ Vo=Vlp = -a\Yh = ^, (10.48) 

where IPj, in this case is referred to the output port. These expressions will be useful in the 
following sections. 



Intercept Point of a Cascaded System 

As in the case of noise figure, a cascade connection of components usually has the ef- 
fect of degrading (lowering) the third-order intercept point. Unlike noise powers, however, 
intermodulation products in a cascaded system are deterministic and may be in phase co- 
herence, in which case we cannot simply add powers but must deal with voltages [5]. We 
will first consider the coherent (in-phase) cascade case, then the noncoherent case. 

With reference to Figure 10.18, G\ and OIP' 3 are the power gain and third-order inter- 
cept point for the first stage, and G2 and OIP^ are the corresponding values for the second 
stage. Let P' be the first-stage output power of the desired signal at frequency wi, and let 

_ m be the first-stage output power at the third-order intermodulation product. From 
(10.46), P2 m - m can be rewritten in terms of P' m and 0/P' 3 , using (10.45) and (10.48), as 



10.3 Nonlinear Distortion 517 



I ft 




lift* 




ktt* 




CD] <1>2 






G 2 




G 1 G 2 




OIP^ 


V'.P' 


OIP^ 


V", P" 


OlP 3 



(a) 



(b) 



FIGURE 10.18 Third-order intercept point for a cascaded system, (a) Two cascaded networks, 
(b) Equivalent network. 



follows: 



1 ,6 T/ 6 



9ajV Q 6 8 fl r y o {P> ) 3 



2«i-«2 32 4fl 6 (0//" 3 ) 2 

The first-stage output voltage associated with this power is 



VLn-a* = JPLn^Zo = V q^ 3 Z0 . (10-50) 

where Zo is the system impedance. 

For coherent intermodulation products, the total third-order distortion voltage at the 
output of the second stage is the sum of the above voltage times the voltage gain of the 
second stage, and the distortion voltage generated by the second stage. This is because 
these voltages are deterministic and phase related, unlike uncorrected noise powers that 
arise in cascaded components. Adding these voltages gives the worst-case result for the 
overall distortion level because there may be phase delays within the stages that could 
cause partial cancellation. Thus we can write the worst-case total distortion voltage at the 
output of the second stage as 



G 2 (^) 3 Z 0 J(pJfZo 



„ y -v ^, 

2«i-«2 0// y QIP'l 



Since = G 2 P' m , we have 



g 2 (oip 3 ) oip'; 



The total output distortion power is 

// (^2a>i— 0)2^) ( 1 1 \ , „ ,3 (fail) 

P2 mi -co 2 = y 0 = \g 2 (oip' 3 ) + oip t ;) {Pm > = JoiPsf' (10 ' 52) 

Thus the third-order intercept point of the cascaded system with coherent products is 

OIP3 = 7 TV + T, ■ (10.53) 

\G 2 (OIP' 3 ) OIP'l) 

Note that OIP3 — G 2 (OIP' 3 ) for OIP' 3 — > 00, which is the limiting case when the second 
stage has no third-order distortion. 
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FIGURE 10.19 System for Example 10.4. 




If the intermodulation products from each stage have relatively random phases, which 
may occur when the intermodulation products are not very close to the fundamental signals, 
it may be proper to treat the individual contributions as incoherent, allowing us to add 
powers. It is straightforward to show that the overall intercept point in this case is given by 

(\ -1/2 
j + ^— ~ ) • (10.54) 

EXAMPLE 10.4 CALCULATION OF CASCADE INTERCEPT POINT 

A low-noise amplifier and mixer are shown in Figure 10.19. The amplifier has a 
gain of 20 dB and a third-order intercept point of 22 dBm (referenced at output), 
and the mixer has a conversion loss of 6 dB and a third-order intercept point of 
13 dBm (referenced at input). Find the intercept points of the cascade network for 
both a phase coherence assumption and a random-phase (noncoherence) assump- 
tion. 

Solution 

First we transfer the reference of IP3 for the mixer from its input to its output: 

OIP" = (IIP 1 !) G 2 = 13 dBm - 6 dB = 7 dBm. 

Converting the necessary dB values to numerical values yields: 

OIP' 3 = 22 dBm = 158 mW (for amplifier), 
0/P' 3 ' - 7 dBm = 5mW (for mixer), 

G 2 = -6 dB = 0.25 (for mixer). 

Assuming coherence, equation (10.53) gives the intercept point of the cascade as 



O/P3 



1 1 \ / 1 l x ~ 



\G 2 (OIP 3 ) OIP'^J V (0-25X158) 
4.4 mW = 6.4 dBm, 



which is seen to be lower than the minimum IP3 of the individual components. 
Equation (10.54) gives the results for the noncoherent case as 

/ 1 1 \" 1/2 / 1 1 ^" 1/2 

OIP 3 = — ^ + 



G\(0iptf (OIP%) 2 / V(0.25) 2 (158) 2 (5) 2 



= 4.96 mW = 6.9 dBm. 
As expected, the noncoherent case results in a slightly higher intercept point. ■ 
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Passive Intermodulation 

The above discussion of intermodulation distortion was in the context of active circuits 
involving diodes and transistors, but it is also possible for intermodulation products to 
be generated by passive nonlinear effects in connectors, cables, antennas, or almost any 
component where there is a metal-to-metal contact. This effect is called passive intermod- 
ulation (PIM) and, as in the case of intermodulation in amplifiers and mixers, it occurs 
when signals at two or more closely spaced frequencies mix to produce spurious products. 

Passive intermodulation can be caused by a number of factors, such as poor mechan- 
ical contact, oxidation of junctions between ferrous-based metals, contamination of con- 
ducting surfaces at RF junctions, or the use of nonlinear materials such as carbon fiber 
composites or ferromagnetic materials. In addition, when high powers are involved, ther- 
mal effects may contribute to the overall nonlinearity of a junction. It is very difficult 
to predict PIM levels from first principles, so measurement techniques must usually be 
used. 

Because of the third-power dependence of the third-order intermodulation products 
with input power, passive intermodulation is usually only significant when input signal 
powers are relatively large. This is frequently the case in cellular telephone base station 
transmitters, which may operate with powers of 3CM-0 dBm, with many closely spaced 
RF channels. It is often desired to maintain the PIM level below —125 dBm, with two 
40 dBm transmit signals. This is a very wide dynamic range, and requires careful selec- 
tion of components used in the high-power portions of the transmitter, including cables, 
connectors, and antenna components. Because these components are often exposed to the 
weather, deterioration due to oxidation, vibration, and sunlight must be offset by a careful 
maintenance program. Communications satellites often face similar problems with passive 
intermodulation. Passive intermodulation is generally not a problem in receiver systems 
due to the much lower power levels. 



DYNAMIC RANGE 

Linear and Spurious Free Dynamic Range 

We can define dynamic range in a general sense as the operating range for which a compo- 
nent or system has desirable characteristics. For a power amplifier this may be the power 
range that is limited at the low end by noise and at the high end by the compression point. 
This is essentially the linear operating range for the amplifier, and is called the linear dy- 
namic range (LDR). For low-noise amplifiers or mixers, operation may be limited by noise 
at the low end and the maximum power level for which intermodulation distortion be- 
comes unacceptable. This is effectively the operating range for which spurious responses 
are minimal, and it is called the spurious-free dynamic range (SFDR). 

We can find the linear dynamic range LDR as the ratio of PidB, the 1 dB compression 
point, to the noise level of the component, as shown in Figure 10.20. In dB, this can be 
written in terms of output powers as 

LDR (dB) = OPi d B - No, (10.55) 

for OPidB and N„ expressed in dBm. Note that some authors prefer to define the linear 
dynamic range in terms of a minimum detectable power level. This definition is more ap- 
propriate for a receiver system rather than an individual component, as it depends on factors 
external to the component itself, such as the type of modulation used, the recommended 
system SNR, effects of error-correcting coding, and related factors. 
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RE 10.20 



P fa (dBm) 

Illustrating linear dynamic range (LDR) and spurious free dynamic range 
(SFDR). 

The spurious free dynamic range is defined as the maximum output signal power for 
which the power of the third-order intermodulation product is equal to the noise level of 
the component, divided by the output noise level. This situation is shown in Figure 10.20. 
If P a>[ is the output power of the desired signal at frequency co\, and P2m l -a> 2 is the output 
power of the third-order intermodulation product, then the spurious free dynamic range can 
be expressed as 



SFDR; 



0)1 



Pl(o\—(02 

za>i-a> 2 taken equal to the noise level of the component. As in (10.49), P2a>i-a> 2 



(10.56) 



can 



as 



(10.57) 



with P 2a 

be written in terms of OIP3 and P m 

Van-on ~ {OI p 3) 2- 

Observe that this result clearly shows that the third-order intermodulation power increases 
as the cube of the input signal power. Solving (10.57) for P U>1 and applying the result to 
(10.56) gives the spurious free dynamic range in terms of OIP3 and N a , the output noise 
power of the component: 



SFDR 



Plai 



l-a>2 



This result can be written in terms of dB as 



SFDR (dB) - j(OIP3 



/OIP 3 \ 2/3 



No), 



(10.58) 



(10.59) 



(02 



for OIP3 and N„ expressed in dBm. Although this result was derived for the 2a>\ 
product, the same result applies for the 2a>2 — &>i product. 

In a receiver it may be required to have a minimum detectable signal level, or min- 
imum SNR, in order to achieve a specified performance level. This requires an increase 
in the input signal level, resulting in a corresponding decrease in dynamic range, since the 
spurious power level is still equal to the noise power. In this case, the spurious free dynamic 
range of (10.59) would be modified as [5, 6]: 



SFDR (dB) = -(OIP 3 



N„) - SNR. 



(10.60) 
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EXAMPLE 10.5 DYNAMIC RANGES 

A receiver has a noise figure of 7 dB, a 1 dB compression point of 25 dBm (ref- 
erenced to output), a gain of 40 dB, and a third-order intercept point of 35 dBm 
(referenced to output). If the receiver is fed with an antenna having a noise tem- 
perature of Ta — 150 K, and the desired output SNR is 10 dB, find the linear and 
spurious free dynamic ranges. Assume a receiver bandwidth of 100 MHz. 

Solution 

The noise power at the receiver output can be calculated using noise temperatures 

as 

N 0 = GkB[T A + (F- l)T Q ] = 10 4 (1.38 x 10 _23 )(10 8 )[150 + (4.01) (290)] 
= 1.8 x 10" 8 W = -47.4 dBm. 

The linear dynamic range is, from (10.55), in dB, 

LDR = OP ldB - N 0 = 25 dBm + 47.4 dBm = 72.4 dB. 

Equation (10.60) gives the spurious free dynamic range as 

SFDR = ^(OlPi - No) - SNR = ^(35 + 47.4) - 10 = 44.9 dB. 
Observe that SFDR « LDR. ■ 
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PROBLEMS 



10.1 The noise figure of a microwave receiver front-end is measured using the y-factor method. A noise 
source having an ENR of 22 dB, and a liquid nitrogen cold load (77 K) are used, resulting in a 
measured y-factor ratio of 15.83 dB. What is the noise figure of the receiver? 

10.2 Assume that measurement error introduces an uncertainty of Ay into the measurement of Y in a Y- 
factor measurement. Derive an expression for the normalized error, AT e /T e ,of the equivalent noise 
temperature in terms of AY/ Y and the temperatures T\, Ti, and T e . Minimize this result with respect 
to T e to obtain an expression for T e in terms of T\ and T2 that will result in minimum error. 

10.3 A lossy transmission line has a noise figure of Fq at temperature Tq = 290 K. Calculate and plot the 
noise figure of this line as its physical temperature ranges from T — 0 K to 1000 K, for Fq — 1 dB 
and for Fq = 3 dB. 

10.4 An amplifier with a gain of 12 dB, a bandwidth of 150 MHz, and a noise figure of 4 dB feeds a 
receiver with a noise temperature of 900 K. Find the noise figure of the overall system. 
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10.5 A cellular telephone receiver front-end circuit is shown below. The operating frequency is 1805- 
1880 MHz, and the physical temperature of the system is 300 K. A noise source with = —95 
dBm is applied to the receiver input, (a) What is the equivalent noise temperature of the source over 
the operating bandwidth? (b) What is the noise figure (in dB) of the amplifier? (c) What is the noise 
figure (in dB) of the cascaded transmission line and amplifier? (d) What is the total noise power 
output (in dBm) of the receiver over the operating bandwidth? 



Noise Transmission 

source line Amplifier 




Nj = -95 dBm L = 1.5dB G=12dB 

T= 180 K 



10.6 Consider the wireless local area network (WLAN) receiver front-end shown below, where the band- 
width of the bandpass filter is 100 MHz centered at 2.4 GHz. If the system is at room temperature, 
find the noise figure of the overall system. What is the resulting signal-to-noise ratio at the output if 
the input signal power level is —90 dBm? Can the components be rearranged to give a better noise 
figure? 



A 



IL = 1.5 dB 



G- 
F-- 



10 dB 
2dB 



G = 20 dB 
F = 2 dB 



10.7 A two-way power divider has one output port terminated in a matched load, as shown below. Find 
the noise figure of the resulting two-port network if the divider is (a) an equal-split two-way resistive 
divider, (b) a two-way Wilkinson divider, and (c) a 3 dB quadrature hybrid. Assume the divider in 
each case is matched, and at room temperature. 





Power 
divider 




>■ 

1 


*- 



z 0 



10.8 Show that, for fixed loss L > 1, the equivalent noise temperature of a mismatched lossy line given in 
(10.33) is minimized when \F S \ = 0. 

10.9 Consider the mismatched amplifier of Figure 10.13, having a noise figure F when matched at its 
input. Calculate and plot the resulting noise figure as the input reflection coefficient magnitude, |T|, 
varies from 0 to 0.9 for F = 1, 3, and 10 dB. 

10.10 A lossy line at temperature T feeds an amplifier with noise figure F, as shown below. If an impedance 
mismatch T is present at the input of the amplifier, find the overall noise figure of the system. 




10.11 



A balanced amplifier circuit is shown below. The two amplifiers are identical, each with power gain 
G and noise figure F. The two quadrature hybrids are also identical, with an insertion loss from the 
input to either output of L > 1 (not including the 3 dB power division factor). Derive an expression 
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for the overall noise figure of the balanced amplifier. What does this result reduce to when the hybrids 
are lossless? 



G, F 




L G,F 



10.12 Show that the following relations involving the third-order intercept point of a two-port nonlinear 
network are valid. and P° are the input and output power levels of an applied two-tone signal, 
and P l 2 Wy _ Wl and ^ are the power levels of the third-order products referenced to the input 
and output. 

"Pi -Pin ' "Pl-PL^ 

10.13 In practice, the third-order intercept point is extrapolated from measured data taken at input power 
levels well below /P3. For the spectrum analyzer display shown below, where AP is the difference 
in power between P m and P2a, l - a >2' show that the third-order intercept point is given by O/F3 = 
Pa>\ + (1/2) AP. Calculate the input and output third-order intercept points for the following data: 
P m = 5 dBm, P 2m -a )2 = -27 dBm, P m == -4 dBm. 



+ 

AP 



10.14 A two-tone input with a 6 dB difference in the two signal levels is applied to a nonlinear component. 
What is the relative power ratio of the resulting two third-order intermodulation products 2co\ — a>2 
and 2a>2 — o)\ , if a>\ and (02 are close together? 

10.15 Find the third-order intercept points for the problem of Example 10.4 when the positions of the 
amplifier and mixer are reversed. 

10.16 It is possible to approximately relate the 1 dB compression point to the third-order intercept point. 
For a single-tone input, use (10.40) to find the amplitudes of the fundamental and third harmonic 
terms, and assume that 03 is of opposite sign to a\ . Let Vq be the voltage where the third-order term 
reduces the first-order power by 1 dB, and solve for \aj,/a\\. For a two-tone input, use (10.43) to find 
the amplitude of the third-order intermodulation product, then use (10.44) to relate OPidB to OIP3. 

10.17 An amplifier with a bandwidth of 1 GHz has a gain of 15 dB and a noise temperature of 250 K. If 
the 1 dB compression point occurs for an output power level of 5 dBm, what is the linear dynamic 
range of the amplifier? 

10.18 A receiver subsystem has a noise figure of 6 dB, a 1 dB compression point of 21 dBm (referenced 
to output), a gain of 30 dB, and a third-order intercept point of 33 dBm (referenced to output). If 
the subsystem is fed with a noise source with iV; = —105 dBm and the desired output SNR is 8 dB, 
find the linear and spurious free dynamic ranges of the subsystem. Assume a system bandwidth of 
20 MHz. 



Chapter Eleven 



Active RF and Microwave 
Devices 



Active devices include diodes, transistors, and electron tubes, which can be used for signal 
detection, mixing, amplification, frequency multiplication, and switching, and as sources of 
RF and microwave signals. We will discuss some of the basic characteristics of such devices in 
this chapter. We will avoid detailed discussion of the physics of active devices (see references 
[1-5] for such material) since for our purposes it will be adequate to work with the termi- 
nal characteristics of diodes and transistors using equivalent circuits or scattering parameters. 
These results will be used to study some basic diode detector and control circuits, and in later 
chapters for the design of amplifier, mixer, and oscillator circuits using diodes and transistors. 
We will conclude this chapter with an overview of microwave integrated circuits (MICs) and a 
brief discussion of some microwave tubes. 

Historically, the development of useful RF and microwave active devices has been a long 
and slow process. The first detector diode was probably the "cat-whisker" crystal detector used 
in early radio work of the nineteenth century. The advent of electron tubes used as detectors and 
amplifiers later eliminated this component in most radio systems, but crystal diodes were used 
by South worth in his 1930s experiments with waveguides since tube detectors could not oper- 
ate at such high frequencies. Frequency conversion and heterodyning were also first developed 
for radio applications in the 1920s. These same techniques were later applied to microwave 
radars at the MIT Radiation Laboratory during World War II (using crystal diodes as mixers) 
[1], but it was not until the 1960s that the subject of microwave semiconductor devices saw 
significant progress. The invention of the transistor led to advances in the theory of solid-state 
materials and devices, as well as the availability of new semiconductor materials. This led to 
the development of many new types of diodes and transistors for high-frequency applications. 
The invention of the gallium arsenide field effect transistor (FET) in the late 1960s [2] was one 
of the most far-reaching developments in modern microwave engineering. RF and microwave 
transistors are critical components in wireless systems, finding application as amplifiers, oscil- 
lators, switches, phase shifters, mixers, and active filters. 

Following the lead from integrated circuitry at lower frequencies, monolithic microwave 
integrated circuits (MMICs) combine transmission lines, active devices, and other compo- 
nents on a semiconductor substrate. The first single-function MMICs were developed in the 
late 1960s, but more sophisticated circuits and subsystems, such as multistage FET amplifiers, 
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transmit/receive radar modules, front ends for wireless products, and many other circuits, are 
now being fabricated as MMICs [2]. The trend is toward MMICs having higher performance, 
lower power requirements, greater complexity, and lower cost. 



11.1 



DIODES AND DIODE CIRCUITS 

We begin our discussion of active devices with some of the major types of diodes used 
in RF and microwave circuits. A diode is a two-terminal semiconductor device having 
a nonlinear V-I relationship. This nonlinearity can be exploited for the useful functions 
of signal detection, demodulation, switching, frequency multiplication, and oscillation [1]. 
RF and microwave diodes can be packaged as axial or beam lead components or as surface- 
mountable chips, or be monolithically integrated with other components on a single semi- 
conductor substrate. We first consider detector diodes and circuits, then discuss PIN diodes 
and control circuits, varactor diodes, and a summary of other types of diodes. 

Schottky Diodes and Detectors 

The classical pn junction diode commonly used at low frequencies has a relatively large 
junction capacitance that makes it unsuitable for high frequency application. The Schottky 
barrier diode, however, relies on a semiconductor-metal junction that results in a much 
lower junction capacitance [3, 4], allowing operation at higher frequencies. Commercially 
available microwave Schottky diodes generally use n-type gallium arsenide (GaAs) ma- 
terial, while lower frequency versions may use n-type silicon. Schottky diodes are often 
biased with a small DC forward current, but can be used without bias. 

The primary application of Schottky diodes is in frequency conversion of an input 
signal. Figure 11.1 illustrates the three basic frequency conversion operations of rectifica- 
tion (conversion to DC), detection (demodulation of an amplitude-modulated signal), and 
mixing (frequency shifting). 

A junction diode can be modeled as a nonlinear resistor, with a small-signal V-I 
relationship expressed as 



where a — q/nkT , and q is the charge of an electron, k is Boltzmann's constant, T is 
temperature, n is the ideality factor, and I s is the saturation current [3-5]. Typically, I s is 
between 10~ 6 and 10~ 15 A, and a — q/nkT is approximately 1/(25 mV) for T — 290 K. 
The ideality factor, n, depends on the structure of the diode, and can vary from about 1.05 
for Schottky barrier diodes to about 2.0 for point-contact silicon diodes. Figure 1 1.2 shows 
a typical diode V-I characteristic for a Schottky diode. 

Small-signal approximation: Let the diode voltage be expressed as 



I(V) = I s (e aV - 1), 



(11.1) 



V = Vo + v, 



(11.2) 
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FIGURE 11.1 Basic frequency conversion operations of rectification, detection, and mixing, (a) 
Diode rectifier, (b) Diode detector, (c) Mixer. 



where Vo is a DC bias voltage and v is a small AC signal voltage. Then (11.1) can be 
expanded in a Taylor series about Vo as follows: 



HV) = I 0 + v 



dl 
dV 



1 ? d 2 I 
+ ^ 



Vo 



2 dV 2 



+ ■■■ 



v 0 



where Iq = I(Vq) is the DC bias current. The first derivative can be evaluated as 



dl 

dV 



a he 



a 'Vo 



a(/o + Is) = Gd 



1 



Vo 



(11.3) 



(11.4) 



FIGURE 11.2 V-I characteristics of a Schottky diode. 
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FIGURE 11.3 Equivalent AC circuit model for a Schottky diode. 



which defines R j , the junction resistance of the diode, and Gd — 1/Rj, which is called the 
dynamic conductance of the diode. The second derivative is 



d 2 I 



dV 2 



dG d 



dV 

v 0 



= a 2 I s e aVo = a 2 (I 0 + I s ) = aG d = G' d . (11.5) 

Vb 



Then (1 1.3) can be rewritten as the sum of the DC bias current, /o, and an AC current, i: 

I{V) = h + i=h + vG d + —G' d + --- (11.6) 

The three-term approximation for the diode current in (11.6) is called the small-signal 
approximation, and will be adequate for most of our purposes. 

The small-signal approximation is based on the DC voltage-current relationship of 
(11.1), and shows that the equivalent circuit of a diode will involve a nonlinear resistance. 
In practice, however, the AC characteristics of a diode also involve reactive effects due to 
the structure and packaging of the diode. A typical equivalent circuit for an RF diode is 
shown in Figure 11.3. The leads or contacts of the diode package are modeled as a series 
inductance, L s , and shunt capacitance, C p . The series resistor, R s , accounts for contact 
and current-spreading resistance. The junction capacitance, Cj, and the junction resistance, 
Rj, are bias dependent. Table 11.1 lists some parameters for a few commercially available 
Schottky diodes. 

Diode rectifiers and detectors: In a rectifier application, a diode is used to convert a fraction 
of an RF input signal to DC power. Rectification is a very common function and is used for 
power monitors, automatic gain control circuits, and signal strength indicators. If the total 
diode voltage consists of a DC bias voltage and a small-signal RF voltage, 

V = V Q + u 0 cosw 0 f, (11.7) 

then (11.6) shows that the diode current will be 

v 2 

I — Iq + voGd cos coot + -y G' d cos 2 coot 

2 2 

= 7 0 + *jG' d + v 0 G d cos co 0 t + ^-G' d cos2co Q t, (11.8) 



TABLE 11.1 Parameters for Some Commercial Schottky Diodes 



Schottky Diode 


Is (A) 


R s (Q) 


C j ( P F) 


L s (nH) 


C P ( P F) 


Skyworks SMS 1546 


3 x 1(T 7 


4 


0.38 


1.0 


0.07 


Skyworks SMS7630 


5 x 10" 6 


20 


0.14 


0.05 


0.005 


Avago HSMS2800 


3 x 1(T 8 


30 


1.6 






Macom MA4E2054 


3 x 1(T 8 


11 


0.1 




0.11 
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where Iq is the bias current and v^G'JA is the DC rectified current. The output also con- 
tains AC signals of frequency coo, and 2&>o (as well as higher order harmonics), which are 
usually filtered out with a simple low-pass filter. A current sensitivity, fit, can be defined as 
a measure of the change in the DC output current for a given RF input power. From (1 1.6) 
the RF input power is v^G c i /2 (using only the first term), while (11.8) shows the change in 
DC current is The current sensitivity is then 

^• = ^ = ^ A/W - (1L9) 

Mil ^d 

An open-circuit voltage sensitivity, fi v , can be defined in terms of the voltage drop across 
the junction resistance when the diode is open circuited. Thus, 

P v =PiRj. (11.10) 

Typical values for the voltage sensitivity of an RF diode range from 400 to 1500 mV/mW. 

In a detector application the nonlinearity of a diode is used to demodulate an amplitude- 
modulated (AM) RF carrier. In this case, the diode voltage can be expressed as 

v(t) — vq(1 + m cos w m t) cos wot , (H H) 

where co m is the modulation frequency, &>o is the RF carrier frequency (coq ^> co m ), and m 
is defined as the modulation index (0 < m < 1). Using (11.11) in (11.6) gives the diode 
current: 

v 2 

i(t) — voGd(l + m cos co m t) cos coot + -^-G' d {\ + m cos co m t) 2 cos 2 <±>ot 

r m m i 

— v oGd j^COS COQt + — cos(&>o + Ct> m )t + — cos(&>q — co m )t J 



, v l r , 



2 2 

m m 



1 + — + 2m cos co m t + — cos 2co m t + cos 2coot 



2 

m 



+ m cos(2(«o + <*> m )t + m cos(2&)o — co m )t + — cos 2a>ot 

2 2 

m m 

+ — COS 2(&) 0 + &>m)f + — COS 2(&) 0 - &>m)f 



(11.12) 



The frequency spectrum of this output is shown in Figure 1 1 .4. The output current terms 
that are linear in the diode voltage (terms multiplying VoGd) have frequencies of coo and 
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FIGURE 11.4 Output spectrum of a detected AM signal. 
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TABLE 11.2 Frequencies and Relative Amplitudes of the 
Square-Law Output of a Detected AM Signal 



Frequency 


Relative Amplitude 


0 


1 +m 2 /2 


% 


2m 


2m m 


m 2 /2 


2a 0 


l+m 2 /2 


2a>o ± a> m 


m 


2(ft> 0 ±co m ) 


m 2 /4 



coq ± co m , while the terms that are proportional to the square of the diode voltage (terms 
multiplying v^G' d /2) include the frequencies and relative amplitudes listed in Table 11.2. 

The desired demodulated output of frequency co m is easily separated from the un- 
desired frequency components with a low-pass filter. Observe that the amplitude of this 
current is which is proportional to the square of the input signal voltage, and 

hence the input signal power. This square-law behavior is the usual operating condition for 
detector diodes, but it can be obtained only over a restricted range of input power. If the 
input power is too large, small-signal conditions will not apply, and the output will become 
saturated and approach a linear, and then a constant, ;' versus P characteristic. At very low 
signal levels the input signal will be lost in the noise floor of the device. Figure 1 1.5 shows 
a typical i> ou t versus P m characteristic, where the output voltage can be considered as the 
voltage drop across a resistor in series with the diode. Square-law operation is particu- 
larly important for applications where power levels are inferred from detector voltage, as 
in SWR indicators and signal level indicators. Detectors may be DC biased to an operating 
point that provides the best sensitivity. 

POINT OF INTEREST: The Spectrum Analyzer 

A spectrum analyzer gives a frequency domain representation of a signal, displaying the average 
power density versus frequency. Thus, its function is dual to that of an oscilloscope, which 

lo § "out 
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FIGURE 11.5 Square-law region for a typical diode detector. 





530 Chapter 1 1 : Active RF and Microwave Devices 



displays a time domain representation of a signal. A spectrum analyzer is basically a sensitive 
receiver that tunes over a specified frequency band and gives a video output that is proportional 
to the signal power in a narrow bandwidth. Spectrum analyzers are invaluable for measuring 
modulation products, harmonic and intermodulation distortion, noise, and interference effects. 

The diagram below shows a simplified block diagram of a spectrum analyzer. A microwave 
spectrum analyzer can typically cover any frequency band in the range of several hundred mega- 
hertz to tens of gigahertz. The frequency resolution is set by the IF bandwidth, and is typically 
adjustable from about 100 Hz to 1 MHz. A sweep generator is used to repetitively scan the 
receiver over the desired frequency band by adjusting the local oscillator frequency, and to pro- 
vide horizontal deflection of the display. An important part of a modern spectrum analyzer is the 
YIG-tuned bandpass filter at the input to the mixer. This filter is tuned along with the local oscil- 
lator, and acts as a preselector to reduce spurious intermodulation products. An IF amplifier with 
a logarithmic response is generally used to accommodate a wide dynamic range. Modern spec- 
trum analyzers usually contain a computer to control the system and the measurement process. 
This improves performance and makes the analyzer more versatile, but can be a disadvantage in 
that the computer can sometimes remove the user from the physical reality of the measurement. 
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PIN Diodes and Control Circuits 

Switches are used extensively in microwave systems for directing signal or power flow 
between components. Switches can also be used to construct other types of control circuits, 
such as phase shifters and attenuators. Mechanical switches can be made in waveguide or 
coaxial form, and can handle high powers but are bulky and slow. PIN diodes, however, can 
be used to construct an electronic switching element easily integrated with planar circuitry 
and capable of high-speed operation. Switching speeds typically range from 1 to 10 /xs, 
although speeds as fast as 20 ns are possible with careful design of the diode driving circuit. 
PIN diodes can also be used as power limiters, modulators, and variable attenuators. 

PIN diode characteristics: A PIN diode contains an intrinsic (lightly doped) layer between 
the p and n semiconductor layers. When reverse biased, a small series junction capacitance 
leads to a relatively high diode impedance, while a forward bias current removes the junc- 
tion capacitance and leaves the diode in a low-impedance state [3, 4]. These characteristics 
make the PIN diode a useful RF switching element. Equivalent circuits for the forward- and 
reverse-biased states are shown in Figure 11.6. The parasitic inductance, L,, is typically 
less than 1 nH. The reverse resistance, R r , is usually small relative to the series reactance 
due to the junction capacitance and is often ignored. The forward bias current is typi- 
cally 10-30 mA, and the reverse bias voltage is typically 10-60 V. The bias voltages must 
be applied to the diode with RF chokes and DC blocks for isolation from the RF signal. 
Table 1 1.3 lists parameters for some commercially available PIN diodes. 
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(a) (b) 
FIGURE 11.6 Equivalent circuits for the reverse- and forward-biased states of a PIN diode. 



(a) Reverse bias state, (b) Forward bias state. 

TABLE 11.3 Parameters for Some Commercial PIN 
Diodes 



PIN Diode 


R f (Q) 


Cj ( P F) 


ASI 8001 


3.0 


0.03 


Skyworks DSG9500 


4.0 


0.025 


Infineon BA592 


0.36 


1.4 


Microsemi UM9605 


1.5 


0.5 



Single-pole PIN diode switches: A PIN diode can be used in either a series or a shunt con- 
figuration to form a single-pole, single-throw RF switch. These circuits are shown in Fig- 
ure 11.7, along with the required bias networks. In the series configuration of Figure 11.7a, 
the switch is ON when the diode is forward biased, while in the shunt configuration the 
switch is ON when the diode is reverse biased. In both cases, input power is reflected when 
the switch is in the OFF state. The DC blocking capacitors should have a relatively low 
impedance at the RF operating frequency, while the RF choke inductors should have a 
relatively high RF impedance. In some designs, high-impedance quarter-wavelength lines 
can be used in place of the chokes, to provide RF blocking. 

An ideal switch would have zero insertion loss in the ON state, and infinite attenuation 
in the OFF state. Realistic switching elements, of course, result in some insertion loss for 
the ON state and finite attenuation for the OFF state. Knowing the diode parameters for 
the equivalent circuits of Figure 11.6 allows the insertion loss for the ON and OFF states 
to be calculated for the series and shunt switches. With reference to the simplified switch 
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FIGURE 11.7 Single-pole PIN diode switches, (a) Series configuration, (b) Shunt configuration. 
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(a) 



(b) 

FIGURE 11.8 Simplified equivalent circuits for the series and shunt single-pole PIN diode 
switches, (a) Series switch, (b) Shunt switch. 



circuits of Figure 11.8, we can define the insertion loss in terms of the actual load voltage, 
Vl, and Vq, which is the load voltage that would appear if the switch (Zd) were absent: 



IL= -20 log 



Vo 



(11.13) 



Simple circuit analysis applied to the two cases of Figure 11.8 gives the following 
results: 

2Z 0 



IL = -201os 



IL = -20 log 



2Zo + Zd 
2Z d 



(series switch), 



(shunt switch). 



(11.14a) 



(11.14b) 



Z d 




2Zd + Zo 

In both cases, Zd is the diode impedance for either the reverse or forward bias state. Thus, 

Z r — R r + j(a>Lj — l/mCj ) for reverse bias 
Zf — Rf + jcoLi for forward bias. 

The ON-state or OFF-state insertion loss of a switch can usually be improved by adding 
an external reactance in series or in parallel with the diode, to compensate for the diode 
reactance. This technique usually reduces the bandwidth, however. 

Several single-throw switches can be combined to form a variety of multiple-pole 
and/or multiple-throw configurations. Figure 11.9 shows series and shunt circuits for a 
single-pole, double-throw switch; such a switch requires at least two switching elements. 
In operation, one diode is forward biased in the low-impedance state, with the other diode 
reverse biased in the high-impedance state. The input signal is switched from one output 
to the other by reversing the diode bias states. The quarter-wave lines of the shunt circuit 
limit the bandwidth of this configuration. A photograph of a PIN SP3T switch is shown in 
Figure 11.10. 



EXAMPLE 11.1 SINGLE-POLE PIN DIODE SWITCH 

A single-pole switch operating at 1.8 GHz is to be constructed using a Microsemi 
UM 9605 PIN diode with Cj = 0.5 pF and R f = 1.5 Q. What switch circuit (se- 
ries or shunt) should be used to obtain the greatest ratio of off-to-on attenuation? 
Assume that L; = 0.5 nH,R r = 2.0 Q, and Z 0 = 50 £1, 
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FIGURE 11.10 Photograph of a SP3T GaAs PIN diode switch, operating from 6 to 27 GHz. The 
diode chips are 15 mils square. 
Courtesy of LNX Corporation, Salem, N.H. 
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Solution 

First use (1 1.15) to compute the diode impedance for the reverse and forward bias 
states: 



Z d 



Z r = R r + j(coLi - 1/coCj) = 2.0 - ; 171.2 £2 



Z f = R f + J mL i 



= 1.5 + ;5.6 Q. 



Then (11.14) gives the insertion losses for the ON and OFF states of the series 
and shunt switches as follows: 



For the series circuit, 

IL on = -20 log 

IL off = -20 log 
For the shunt circuit, 

IL on = -20 log 

IL 0 ff = -20 log 



2Z 0 



2Z 0 + Z f 
2Z 0 



2Zq + Zy 



2Z r 



2Z r + Zo 



2Z 



2Z f + Z 0 



= 0.14 dB, 
= 6.0 dB. 

= 0.11 dB, 
= 13.3 dB. 



The shunt configuration has the greatest difference in attenuation between the ON 
and OFF states and has the lowest ON insertion loss. ■ 

PIN diode phase shifters: Several types of microwave phase shifters can be constructed 
with PIN diode switching elements. Compared with ferrite phase shifters, diode phase 
shifters have the advantages of small size, integrability with planar circuitry, and high 
speed. The power requirements for diode phase shifters, however, are generally greater 
than those for a latching ferrite phase shifter (Section 9.5) because diodes require continu- 
ous bias current, while a latching ferrite device requires only a pulsed current to change its 
magnetic state. There are basically three types of PIN diode phase shifters: switched line, 
loaded line, and reflection. 

The switched-line phase shifter, shown in Figure 11.11, is the most straightforward 
type, using two single-pole, double-throw switches to route the signal flow between one 
of two transmission lines of different length. The differential phase shift between the two 
paths is given by 



A</> = P(t 2 - ti), 



(11.16) 




FIGURE 11.11 A switched-line phase shifter. 
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where /6 is the propagation constant of the line. If the transmission lines are TEM (or quasi- 
TEM, like microstrip), this phase shift is a linear function of frequency, which implies a 
true time delay between the input and output ports. This is a useful feature in wideband 
systems. This type of phase shifter is also inherently reciprocal, and so it can be used for 
both receive and transmit functions. The insertion loss of the switched line phase shifter is 
equal to the loss of the SPDT switches plus line losses. 

Like many other types of phase shifters, the switched-line phase shifter is usually de- 
signed for discrete binary phase shifts of A(/> — 180°, 90°, 45°, etc. One potential problem 
with this type of phase shifter is that resonances can occur in the OFF line if its length is 
near a multiple of X/2. The resonant frequency will be slightly shifted due to the series 
junction capacitances of the reversed biased diodes, so the lengths l\ and I2 should be 
determined with this effect taken into account. 

A design that is useful for small amounts of phase shift (generally 45°, or less) is the 
loaded-line phase shifter. The basic principle of this type of phase shifter can be illustrated 
with the circuit of Figure 11.12a, which shows a transmission line loaded with a shunt 
susceptance, jB. The reflection and transmission coefficients can be written as 



1 - (1 + jb) 
1 + (1 + jb) 

2 



-jb 



2 + jb' 



t = 1 + r = 



2 + jb' 



(11.17a) 
(11.17b) 



where b — BZq is the normalized susceptance. Thus the phase shift in the transmitted wave 
introduced by the load is 



A0 = tan" 



(11.18) 



which can be made positive or negative, depending on the sign of b. A disadvantage is the 
insertion loss that is inherently present due to the reflection from the shunt load. In addition, 
increasing b to obtain a larger Acp entails a greater insertion loss, as seen from (1 1. 17b). 

The reflections from the shunt susceptance can be reduced by using the circuit of 
Figure 11.12b, where two shunt loads are separated by a A/4 length of line. Then the 
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FIGURE 11.12 Loaded-line phase shifters, (a) Basic circuit, (b) Practical loaded-line phase 
shifter and its equivalent circuit. 
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partial reflection from the second load will be 180° out of phase with the partial reflection 
from the first load, leading to cancellation. We can analyze this circuit by calculating its 
ABCD matrix and comparing it to the ABCD matrix of an equivalent line having a length 
9 e and characteristic impedance Z e . Thus, for the loaded line, 

0 jZ 0 ] [ 1 (T 
j/Zo 0 \ [jB 1 

-BZ 0 jZ 0 

(11.19a) 

JU/Zo- B 2 Z 0 ) —BZq J 
while the equivalent transmission line has an ABCD matrix given by 

(11.19b) 

(11.20a) 
(11.20b) 

(11.21a) 
(11.21b) 



" A 


B ' 




cos 9 e j Z e sin 9 e 


C 


D 




j sin 9 e /Z e cos6 e 



Then we have that 



cos9 e = —BZq — —b, 

Z e = ZQCO&9 e 



Zo 



For small values of b, 9 e will be close to n/2, and these results will reduce to 



The susceptance, B, can be implemented with a lumped inductor or capacitor, or with a 
stub, and switched between two states with an SPST diode switch. 

The third type of PIN diode phase shifter is the reflection phase shifter, which uses an 
SPST switch to control the path length of a reflected signal. Usually a quadrature hybrid 
is used to provide a two-port circuit, although other types of hybrids, or even a circulator, 
could be used for this purpose. 

Figure 11.13 shows a reflection-type phase shifter using a quadrature hybrid. In oper- 
ation, an input signal divides equally between the two right-hand ports of the hybrid. The 
diodes are both biased in the same state (forward or reverse biased), so the waves reflected 
from the two terminations will add in phase at the indicated output port. Turning the diodes 
on or off changes the total path length for both reflected waves by A</>, producing a phase 
shift of A</> at the output. Ideally, the diodes would look like short circuits in their ON 
state, and open circuits in their OFF state, so that the reflection coefficients at the right 
side of the hybrid can be written as V — e~->^ +7r ' for the diodes in their ON state, and 




FIGURE 11.13 A reflection phase shifter using a quadrature hybrid. 
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T = e ~ J (4>+ &<t>) f or diodes in their OFF state. There is an infinite number of choices of 
line lengths that give the desired A0 (i.e., the value of <f>/2 is a degree of freedom), but it 
can be shown that bandwidth is optimized if the reflection coefficients for the two states 
are phase conjugates. Thus, if A(f> — 90°, the best bandwidth will be obtained for cj> — 45°. 

A good input match for the reflection-type phase shifter requires that the diodes be 
well matched. The insertion loss is limited by the loss of the hybrid, as well as by the 
forward and reverse resistances of the diodes. Impedance transformation sections can be 
used to improve performance in this regard. 



Varactor Diodes 

We have seen that a PIN diode has a junction capacitance that can be switched on or off 
with bias voltage. This effect can be enhanced by tailoring the size and doping profile of the 
intrinsic layer of the diode to provide a desired junction capacitance versus junction volt- 
age (C vs. V) behavior when reverse biased. Such a device is called a varactor diode, and 
it produces a junction capacitance that varies smoothly with bias voltage, thus providing 
an electrically adjustable reactive circuit element. One of the most common applications 
of varactor diodes is to provide electronic frequency tuning of the local oscillator in a mul- 
tichannel receiver, such as those used in cellular telephones, wireless local area network 
radios, and television receivers. This is accomplished by using a varactor diode in the res- 
onant circuit of a transistor oscillator, and controlling the DC reverse bias voltage applied 
to the diode. The nonlinearity of varactor diodes also makes them useful for frequency 
multipliers (discussed in Chapter 13). Varactor diodes are generally made from silicon for 
RF applications, and gallium arsenide for microwave applications. 

A simplified equivalent circuit for a reverse-biased varactor diode is shown in Figure 
11.14. The junction capacitance is dependent on the (negative) junction bias voltage, V, 
according to 

Co 

C/(V) = , (11.22) 

n ' (i-v/v 0 )y v ' 

where Co is the junction capacitance with no bias; Vb = 0.5 V for silicon diodes, and 
Vo = 1.3 V for GaAs diodes. The exponent y depends on the doping profile of the intrinsic 
layer of the diode. An ideal hyperabrupt varactor diode has y = 0.5; many practical diodes 
have an exponent of about y — 0.47, although the value can be as high as 1.5 or 2.0 for 
some diodes. In the equivalent circuit, R s is the series junction and contact resistance, 
typically on the order of a few ohms. A typical GaAs varactor diode may have Co = 0.5- 
2.0 pF, and a junction capacitance that varies from about 0.1 to 2.0 pF as the bias voltage 
ranges from —20 to 0 V. Parasitic reactances due to the diode package should be included 
in a realistic design. 
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FIGURE 11.14 Equivalent circuit of a reverse-biased varactor diode. 
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FIGURE 11.15 The DC I-V characteristic of a Gunn diode, showing the region of negative dif- 
ferential resistance. Other negative resistance devices, such as impact avalanche 
and transit time (IMPATT) and tunnel diodes, have similar I-V characteristics. 



Other Diodes 

Here we briefly summarize the characteristics of several other diode devices that are com- 
monly used in microwave circuits. Historically, diode devices were developed long before 
high-frequency three-terminal devices (e.g., junction and field effect transistors), and for 
many years diodes provided the only means of microwave power generation and ampli- 
fication without using electron tubes. Today, many of these devices are most useful at 
millimeter wave frequencies, since there are now many types of transistors that offer better 
performance and more design flexibility at RF and microwave frequencies. Further infor- 
mation on diode devices can be found in the literature. 

Gunn diodes: The operation of a Gunn diode is based on the transferred electron effect 
(also known as the Gunn effect), which was discovered by J. B. Gunn in 1963. Practical 
Gunn diodes typically use GaAs or InP materials in a specially doped bulk form, as op- 
posed to a traditional pn junction. The Gunn diode has an I-V characteristic that exhibits 
a negative differential resistance (negative slope) that can be used to generate RF power 
directly from a DC source when properly biased. Figure 11.15 shows a DC I-V curve 
that is characteristic of Gunn diodes, where the region of negative differential resistance 
(negative slope) corresponds to the operating point of the device. Gunn diodes can produce 
continuous power of up to several hundred milliwatts, at frequencies from 1 to 200 GHz, 
with efficiencies ranging from 5% to 15%. Oscillator circuits using Gunn diodes require 
a high-g resonant circuit or cavity, which is often tuned mechanically. Electronic tuning 
by bias adjustment is limited to 1% or less, but varactor diodes are sometimes included in 
the resonant circuit to provide a greater range of electronic tuning. Gunn diode sources are 
used extensively in low-cost applications such as traffic radars, motion detectors for door 
openers and security alarms, and test and measurement systems. 




FIGURE 11.16 A W-band Gunn diode oscillator. The output power is 16 dBm, and the source is 
mechanically tunable over a frequency range of 4 GHz. 
Courtesy of Millitech, Inc., Northampton, Mass. 
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IMPATT diodes: An impact avalanche and transit time (IMPATT) diode has a physical 
structure similar to a PIN diode, but is operated with a relatively high voltage (70-100 V) 
to produce a reverse-biased avalanche breakdown current. It exhibits a negative resistance 
over a broad frequency band that can extend into the submillimeter range, and it can be 
used to directly convert DC to RF power. IMPATT sources are generally noisier than Gunn 
diodes but are capable of higher powers and higher DC-to-RF conversion efficiencies. 
IMPATTs also have better temperature stability than Gunn diodes. Typical IMPATTs op- 
erate at frequencies from 10 to 300 GHz, with efficiencies ranging up to 15%. IMPATT 
diodes are among the few practical solid-state devices that can provide fundamental fre- 
quency power above 100 GHz. IMPATT devices can also be used for frequency multipli- 
cation and amplification. 

Silicon IMPATT diodes can provide CW power ranging from 10 W at 10 GHz to 
1 W at 94 GHz, with efficiencies typically below 10%. GaAs IMPATTs can provide CW 
power ranging from 20 W at 10 GHz to 5 mW at 130 GHz. Pulsed operation generally 
results in higher powers and higher efficiencies. Because of the low efficiency of these 
devices, thermal considerations are a limiting factor for both CW and pulsed operation. 
IMPATT oscillators can be mechanically or electrically tuned. A disadvantage of IMPATT 
oscillators is that their AM noise level is generally higher than that of other sources. 

Tunnel diodes: The tunnel diode, invented by L. Esaki in 1957, is a /injunction diode with 
a doping profile that allows electron tunneling through a narrow energy band gap, leading 
to negative resistance at high frequencies. Tunnel diodes can be used for oscillators as well 
as amplifiers. Before high-frequency transistors were available, tunnel diodes provided the 
only means of high-frequency amplification with a solid-state device. Such an amplifier 
employs the diode in a one-port reflection circuit, where the negative RF resistance of the 
device produces a reflection coefficient with a magnitude greater than unity, and therefore 
amplification of an incident signal. Such amplifiers have been made obsolete by modern 
RF and microwave transistors, but tunnel diodes are still used in some applications today. 

BARITT diodes: A barrier injection transit time (BARITT) diode has a structure similar 
to a junction transistor without a base contact. Like the IMPATT diode, it is a transit time 
device. It generally has a lower power capability than the IMPATT diode, but the advantage 
of lower AM noise. This makes it useful for local oscillator applications at frequencies up 
to 94 GHz. BARITT diodes are also useful for detector and mixer applications. 

Power Combining 

In many applications RF power requirement exceeds the power capacity of a single solid- 
state source; this is especially common at millimeter wave frequencies. Because of the 
many advantages offered by solid-state sources compared to electron tubes, substantial 
effort has been directed toward increasing output power through the use of various power 
combining techniques. Thus, the outputs of two or more sources are combined, effectively 
multiplying the output power of a single source by the number of individual sources being 
used. It is important that the individual sources to be combined are coherent and in phase. In 
principle, an unlimited amount of RF power can be generated in this manner; in practice, 
however, factors such as high-order modes and combiner losses limit the multiplication 
factor to about 10-20 dB. 

Power combining can be done by combining at the device level or at the circuit level. 
In addition, in some applications power can be combined spatially by using an array of 
antennas, where each radiating element is fed with a separate source (the sources must have 
phase coherence, perhaps by using injection-locked oscillators). At the device level, several 
diode (or transistor) junctions are essentially connected in parallel over an electrically small 
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region and used as a single device. This technique is limited to a relatively few device 
junctions. At the circuit level, the power output from N devices can be combined with 
an iV-way combiner. The combining circuit may be an N-way Wilkinson-type network or 
a similar type of planar combining network. Resonant cavities can also be used for this 
purpose; cavity combiners often have the advantage of providing self-locking of individual 
oscillator phases. These various power combining techniques all have their own advantages 
and disadvantages in terms of efficiency, bandwidth, isolation between sources, and circuit 
complexity. 



BIPOLAR JUNCTION TRANSISTORS 

Transistors are three-terminal semiconductor devices, and can be categorized as either 
junction transistors or field effect transistors [3-6]. Junction transistors include bipolar 
junction transistors (BJTs) that use a single semiconductor material (usually silicon), and 
heteroj unction bipolar transistors (HBTs) that use compound semiconductors. Both npn 
and pnp configurations are possible, but most RF junction transistors are usually of the npn 
type due to higher electron mobility at higher frequencies 



Bipolar Junction Transistor 

RF bipolar junction transistors (BJTs) are usually made using silicon (Si), and this tran- 
sistor is one of the oldest and most popular active RF devices in use today because of its 
low cost and good operating performance in terms of frequency range, power capacity, and 
noise characteristics. Silicon junction transistors are useful for amplifiers up to the range 
of 2-10 GHz, and in oscillators up to about 20 GHz. Bipolar transistors typically have 
very low 1 //-noise characteristics, making them well suited for oscillators with low-phase 
noise. 

Bipolar junction transistors are sometimes preferred over FETs at frequencies below 
about 2-4 GHz because of higher gain and lower cost, and the possibility of biasing with a 
single power supply. Bipolar transistors are subject to shot noise as well as thermal noise 
effects, so their noise figure is not as good as that of FETs. Figure 11.17 shows the con- 
struction of a typical silicon bipolar transistor having multiple fingers for the base and 
emitter electrodes. The BJT is current driven, with the base current modulating the collec- 
tor current. The upper frequency limit of the bipolar transistor is controlled primarily by 
the base length, which is typically on the order of 0. 1 /tm. 

A small-signal equivalent circuit model for an RF bipolar transistor is shown in Figure 
11.18 for a common emitter configuration. This model, known as the hybrid-7T model, is 
popular because of its similarity to the equivalent circuit of a FET, and because of its utility 
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FIGURE 11.17 (a) Cross section of an interdigitated microwave bipolar junction transistor; 



(b) top view, showing base and emitter contacts. 
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FIGURE 11.18 Simplified hybrid-7r equivalent circuit for a microwave bipolar junction transistor 



in the common emitter configuration. 



in circuit analysis. This model does not include parasitic resistances and inductances due 
to the base and emitter leads. More sophisticated equivalent circuits may be advantageous 
for computer-aided design and modeling over wide frequency ranges. The Gummel-Poon 
model [6], for example, is used extensively in computer modeling with the SPICE circuit 
analysis software package, and can include parasitic effects. 

In many cases the capacitor, C c , between the base and collector in the hybrid- it model, 
has a relatively small value and may be ignored. This has the effect of making S12 = 0, 
implying that power only flows in one direction through the device (from port 1 to port 2); 
such a device is called unilateral. This approximation is often used to simplify analysis. 

The hybrid-7T model is roughly based on the physics of the junction transistor, and can 
be useful under circumstances where the element values of the model are fairly constant 
over a range of operating bias conditions, load conditions, and frequency. Otherwise, the el- 
ement values become frequency, bias, or load dependent, in which case the hybrid-jr model 
(or any other equivalent circuit model) becomes much less useful. In this case, it is simpler 
to treat the transistor as a two-port network, characterized by two-port parameters. In prac- 
tice, scattering parameters, measured under typical operating conditions, are usually used 
for this purpose and are supplied by the device manufacturer. Table 11.4 shows scattering 
parameters for a typical RF silicon junction transistor in a common emitter configuration. 
Note that there are relatively large mismatches at the base (port 1) and the collector (port 
2), and that the gain (given roughly by IS21 1) drops quickly with an increase in frequency. 
Also note that IS12I is relatively small (particularly at low frequencies), making the device 
approximately unilateral. 

The equivalent circuit of Figure 11.18 can be used to estimate the upper frequency 
limit, fx, defined as the threshold frequency where the short-circuit current gain of the 
transistor is unity. If we assume an input current /; n at the base, and ignore the series base 
resistance, Rh (typically small), and the shunt resistance, R„ (typically large), then the volt- 
age across the capacitor C„ is V n — r m /ja>C„. The output short-circuit current at the col- 
lector is 7 0ut = g m V„, so the short-circuit current gain is 

gm 




TABLE 11.4 Scattering Parameters for an NPN Silicon BJT (NEC NE 58219, 
V ce = 5.0 V, / c = 5.0 mA, common emitter) 



Frequency (GHz 








^22 


0.1 


0.78/-33 0 


0.03/71° 


12.7/155° 


0.93/-17 0 


0.5 


0.46/-113° 


0.08/52° 


6.3/104° 


0.53/-38° 


1.0 


0.38/-158 0 


0.11/54° 


3.5/80° 


0.40/-43 0 


2.0 


0.40/157° 


0.19/56° 


1.9/52° 


0.33/-63° 


4.0 


0.52/117° 


0.38/45° 


1.1/14° 


0.33/-127° 
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FIGURE 11.19 (a) DC characteristics of an npn BJT; (b) biasing and decoupling circuit for an 
npn BJT. 

The current gain is seen to decrease with frequency, and is unity at the threshold frequency, 

/r = ^-. (11-23) 

Figure 1 1. 19a shows typical DC operating characteristics for a BJT. The biasing point 
for the transistor depends on the application and type of device, with low collector currents 
generally giving the best noise figure, and higher collector currents giving the best power 
gain. Figure 1 1 . 19b shows a typical bias and decoupling circuit for a bipolar transistor in a 
common emitter configuration. 

Heterojunction Bipolar Transistor 

The operation of a heterojunction bipolar transistor (HBT) is essentially the same as that 
of a BJT, but an HBT has a base-emitter junction made from a compound semiconduc- 
tor material such as GaAs, indium phosphide (InP), or silicon germanium (SiGe), often 
in conjunction with thin layers of other materials (e.g., aluminum). This structure offers 
much improved performance at high frequencies. Some HBTs can operate at frequencies 
exceeding 100 GHz, and recent developments with HBTs using SiGe have demonstrated 
that these devices are useful in low-cost circuits operating at frequencies of 60 GHz or 
higher. 

Since the HBT is similar in structure and operation to the BJT, the equivalent circuit 
model of Figure 11.18 can be used for both transistor types. As with BJTs, equivalent 
circuit models may have limited applicability when attempting to model HBTs over a range 
of operating conditions, so scattering parameter data, measured for a particular bias point, 
may be more useful. Table 11.5 gives the scattering parameters at several frequencies for 
a popular microwave HBT. Observe that |52i I decreases much less rapidly with frequency 
when compared with the BJT of Table 1 1 .4. The device also is seen to be approximately 
unilateral, as |5i2| is relatively small. 
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TABLE 11.5 Scattering Parameters for a SiGe HBT (Infineon BFP640F, 
V C e — 2.0 V, I c = 1.2 mA, common emitter) 



Frequency (GHz) 



Su 



S22 



6.0 



4.0 



2.0 



1.0 



0.91 Z -44° 
0.75/-86° 
0.59/-144° 
0.54/176° 



0.06/68° 
0.10/46° 
0.11/29° 
0.11/34° 



3.92/149° 
3.39/120° 
2.18/82° 
1.64/57° 



0.93/-17° 
0.79/-31 0 
0.64/-43° 
0.58/-53 0 



High levels of monolithic integration are easy and inexpensive with SiGe HBTs, so 
this technology is proving to be very useful for low-cost millimeter wave circuits for both 
defense and commercial applications. 



In contrast to BJTs, field effect transistors (FETs) are monopolar, with only one carrier 
type (holes or electrons) providing current flow through the device: w-channel FETs em- 
ploy electrons, while /^-channel devices use holes. In addition, while a BJT is a current- 
controlled device, an FET is a voltage-controlled device, having a source-to-drain charac- 
teristic that is similar to that of a voltage-dependent variable resistor. 

Field effect transistors can take many forms, including the MESFET (metal semicon- 
ductor FET), the MOSFET (metal oxide semiconductor FET), the HEMT (high electron 
mobility transistor), and the PHEMT (pseudomorphic HEMT). FET transistor technology 
has been under continuous development for more than 50 years — the first junction FETs 
were developed in the 1950s, while the HEMT was proposed in the early 1980s. GaAs 
MESFETs are among the most commonly used transistors for microwave and millimeter 
wave applications, being usable at frequencies up to 60 GHz or more. Even higher op- 
erating frequencies can be obtained with GaAs HEMTs. GaAs MESFETs and HEMTs 
are especially useful for low-noise amplifiers since these transistors have lower noise fig- 
ures than any other active devices. Recently developed gallium nitride (GaN) HEMTs are 
very useful for high power RF and microwave amplifiers. CMOS FETs are increasingly 
being used for RF integrated circuits, offering high levels of integration at low cost and 
low power requirements, for commercial wireless applications. Table 1 1.6 summarizes the 
performance characteristics of some of the most popular microwave transistors. 



TABLE 11.6 Performance Characteristics of Microwave Transistors 



Device 


BJT 


HBT 


CMOS 


MESFET 


HEMT 


HEMT 


Semiconductor 


Si 


SiGe 


Si 


GaAs 


GaAs 


GaN 


Frequency range (GHz) 


10 


30 


20 


60 


100 


10 


Typical gain (dB) 


10-15 


10-15 


10-20 


5-20 


10-20 


10-15 


Noise figure (dB) 


2.0 


0.6 


1.0 


1.0 


0.5 


1.6 


(frequency, GHz) 


(2) 


(8) 


(4) 


(10) 


(12) 


(6) 


Power capacity 


High 


Medium 


Low 


Medium 


Medium 


High 


Cost 


Low 


Medium 


Low 


Medium 


High 


Medium 


Single-polarity supply 


Yes 


Yes 


Yes 


No 


No 


No 
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FIELD EFFECT TRANSISTORS 
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FIGURE 11.20 Cross section of an ^-channel GaAs MESFET. 



Metal Semiconductor Field Effect Transistor 

One of the most important developments in microwave technology has been the GaAs 
metal semiconductor field effect transistor (MESFET), as this device permitted the first 
practical solid-state implementation of amplifiers, oscillators, and mixers at microwave 
frequencies, leading to key applications in radar, GPS, remote sensing, and wireless com- 
munications. GaAs MESFETs can be used at frequencies well into the millimeter wave 
range, with high gain and low noise figure, often making them the device of choice for 
hybrid and monolithic integrated circuits at frequencies above 10 GHz. 

Figure 1 1.20 shows the cross section of a typical n-channel GaAs MESFET. The gate 
junction is formed as a Schottky barrier. The desirable gain and noise features of this tran- 
sistor are a result of the higher electron mobility of GaAs compared to silicon, and the 
absence of shot noise. The device is biased with a drain-to-source voltage, Vds, and a gate- 
to-source voltage, V gs . In operation, electrons are drawn from the source to the drain by 
the positive Vds supply voltage. An applied signal voltage on the gate then modulates these 
majority electron carriers, producing voltage amplification. The maximum frequency of 
operation is limited by the gate length; present FETs have gate lengths on the order of 
0.2-0.6 fim, with corresponding upper frequency limits of 100 to 50 GHz. 

A small-signal equivalent circuit for a microwave MESFET is shown in Figure 11.21 
for a common-source configuration. The components and some typical values for this 
model are listed below: 

Ri (series gate resistance) = 7 £2 

Rds (drain-to-source resistance) = 400 £2 

C gs (gate-to-source capacitance) = 0.3 pF 

Cds (drain-to-source capacitance) = 0.12 pF 

C g d (gate-to-drain capacitance) = 0.01 pF 

g m (transconductance) = 40 mS 

This model does not include package parasitics, which typically introduce small series 
resistances and inductances at the three terminals due to ohmic contacts and bonding leads. 
The dependent current generator g m V c depends on the voltage across the gate-to-source 
capacitor C gs , leading to a value of IS21I > 1 under normal operating conditions (where 




Source 

FIGURE 11.21 Small-signal equivalent circuit for a microwave FET in the common-source 
configuration. 
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TABLE 11.7 Scattering Parameters for an n-Channel GaAs MESFET (NEC NE76184A, 
Yds — 3.0 V, Id — 10.0 mA, common source) 



Frequency (GHz) 


Su 






S22 


1.0 


0.97Z-28 0 


0.04Z72 0 


3.82Z154° 


0.70Z-19 0 


2.0 


0.90Z-55 0 


0.08Z54° 


3.56Z129° 


0.65Z-37° 


4.0 


0.72Z-103 0 


0.12Z28 0 


2.91 Z86° 


0.53Z-68 0 


8.0 


0.52Z179 0 


0.14Z-1° 


2.0Z20 0 


0.42Z-129° 


12.0 


0.49Z103 0 


0.17Z-19 0 


1.5Z-38° 


0.44Z170 0 



port 1 is at the gate, and port 2 is at the drain). The reverse signal path, given by S12, is due 
solely to the capacitance C g d- As seen from the above data, this is typically a very small 
capacitor, which can often be ignored in practice. In this case, S12 = 0, and the device is 
unilateral. The scattering parameters for a typical GaAs MESFET are given in Table 1 1.7. 

As we did for the BJT, we can use the equivalent circuit model of Figure 11.21 to 
determine the upper frequency of operation for a MESFET. For a FET, the short-circuit 
current gain, G f, is defined as the ratio of drain current to gate current when the output is 
short circuited. For the unilateral case, where C g d — 0, the short circuit current gain is 



Id 




gmV c 


gm 


h 




h 


caCgs 



The upper frequency threshold, fj, where the short-circuit current gain is unity, is then 
given by 

/r = ^-, (11.24) 

livings 

a result that is equivalent to (11.23) for a bipolar junction transistor. 

For proper operation, the transistor must be biased at an appropriate operating point. 
This depends on the application (low noise, high gain, high power), the class of the ampli- 
fier (class A, class AB, class B), and the transistor. Figure 1 1 .22a shows a typical family 
of DC Ids versus Vd s curves for a GaAs MESFET. For low-noise design, the drain cur- 
rent is generally chosen to be about 15% of Id ss (the saturated drain-to-source current). 
High-power circuits generally use higher values of drain current. DC bias voltage must be 
applied to both the gate and drain, without disturbing the RF signal paths. This can be done 




10 V ds (V) 
(a) (b) 



FIGURE 11.22 (a) DC characteristics of an n-channel GaAs MESFET; (b) biasing and decou- 
pling circuitry. 



546 Chapter 1 1 : Active RF and Microwave Devices 




FIGURE 11.23 Cross section of an n-channel MOSFET. 



with biasing and decoupling circuitry for a dual-polarity supply, as shown in Figure 1 1 .22b. 
The RF chokes provide a very low DC resistance for biasing, and a very high impedance 
at RF frequencies to isolate the signal from the bias supply. Similarly, the input and output 
decoupling capacitors block DC from the input and output lines while allowing passage of 
RF signals. More sophisticated bias circuits can provide compensation for temperature and 
device variations, and may work with single-polarity power supplies. 

Metal Oxide Semiconductor Field Effect Transistor 

The silicon metal oxide semiconductor field effect transistor (MOSFET) is the most com- 
mon type of FET, being used extensively in analog and digital integrated circuits. Figure 
11.23 shows a cross section of an n-channel MOSFET. It consists of a lightly doped p 
substrate, and differs from a MESFET by having a thin insulating layer (Si02) between the 
gate contact and the channel region. Because the gate is insulated, it does not conduct DC 
bias current. 

MOSFETs can be used at frequencies into the UHF range, and can provide powers of 
several hundred watts when devices are packaged in parallel. Laterally diffused MOSFETs 
(LDMOS) have direct grounding of the source, and can operate at low microwave frequen- 
cies with high powers. These devices are commonly used for high-power transmitters for 
cellular base stations at 900 and 1900 MHz. 

High-density integrated circuits typically use complementary MOS (CMOS), where 
both n-channel and /^-channel devices are used. This technology is very mature, and has 
the advantages of low power requirements and low unit cost. Most RF and microwave 
MOSFETs use n-channel silicon devices, although GaN devices are possible. 

The small-signal equivalent circuit for a MOSFET is the same as that of the MESFET, 
given in Figure 11.21. Scattering parameters are available for most nMOS devices intended 
for high-frequency applications. 

High Electron Mobility Transistor 

The high electron mobility transistor (HEMT) is a he teroj unction FET, meaning that it 
does not use a single semiconductor material, but instead is constructed with several lay- 
ers of compound semiconductor materials. These may include transitions between gal- 
lium aluminum arsenide (GaAlAs), GaAs, gallium indium arsenide (GalnAs), and similar 
compounds. These structures result in high carrier mobility — about twice that found in a 
standard MESFET. GaAs HEMTs can operate at frequencies above 100 GHz. 

Figure 11.24 shows the cross section of a HEMT device. It consists of semi -insulating 
GaAs substrate, followed by an undoped GaAs layer, and then a very thin undoped GaAlAs 
layer. This is topped with an n -doped GaAlAs layer. To reduce thermal and mechanical 
stress the layers usually have matched crystal lattices. Several variations on this device are 
possible, including the use of different compound semiconductors, and the pseudomorphic 
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GaAlAs 



FIGURE 11.24 Cross section of an ^-channel HEMT. 



TABLE 11.8 Scattering Parameters for a GaN HEMT (Cree CGH21120, V DD = 328 V, 
I D — 500 in A, common source) 



Frequency (GHz) 




Su 


Su 


S22 


0.5 


0.96/180° 


0.007/ -16° 


3.67/68° 


0.72/-174 0 


1.0 


0.95/172° 


0.008/-35 0 


2.03/44° 


0.78/-172 0 


2.0 


0.78/153° 


0.014/-83 0 


2.09/-17° 


0.91/-174° 


4.0 


0.88/-51° 


0.008/79° 


0.84/88° 


0.88/171° 



HEMT, which uses a lattice mismatch between the layers. The relatively complicated struc- 
ture of the HEMT requires sophisticated fabrication techniques, leading to a relatively high 
cost. The HEMT is also referred to in the literature as a MODFET (modulation-doped 
FET), a TEGFET (two-dimensional electron gas FET), and an SDFET (selectively doped 
FET). 

A relatively new type of HEMT uses GaN and aluminum gallium nitride (AlGaN) on a 
silicon or SiC substrate. GaN HEMTs operate with drain voltages in the range of 20-40 V, 
and can deliver powers up to 100 W at frequencies in the low microwave range, making 
these devices popular for high-power transmitters. 

The equivalent circuit model of Figure 1 1.21 can also be used for HEMTs, and the DC 
bias characteristics of a HEMT are similar to those of the MESFET. Table 11.8 gives the 
scattering parameters for a medium power GaN HEMT. 



MICROWAVE INTEGRATED CIRCUITS 

The trend of any maturing electronic technology is toward smaller size, lighter weight, 
lower power requirements, lower cost, and increased complexity. Microwave technology 
has been moving in this direction for the last 10-30 years with the development of mi- 
crowave integrated circuits (MICs) [2]. This technology strives to replace bulky and expen- 
sive waveguide and coaxial components with small and inexpensive planar components, 
and is analogous to the digital integrated circuitry that has led to the rapid increase in 
sophistication of computer systems. Microwave integrated circuitry can incorporate trans- 
mission lines, discrete resistors, capacitors, and inductors, as well as active devices such 
as diodes and transistors. MIC technology has advanced to the point where complete mi- 
crowave subsystems, such as receiver front ends and radar transmit/receive modules, can 
be integrated on a chip that is only a few square millimeters in size. 

There are two distinct types of microwave integrated circuits. Hybrid MICs have one 
layer of metallization for conductors and transmission lines, with discrete components (re- 
sistors, capacitors, integrated circuit chips, transistors, diodes, etc.) bonded to the substrate. 
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In a thin-film hybrid MIC, some of the simpler components are deposited on the sub- 
strate. Hybrid MICs were first developed in the 1960s, and still provide a very flexible and 
cost-effective means for circuit implementation. Monolithic microwave integrated circuits 
(MMICs) are a more recent development, where the active and passive circuit elements 
are grown on the substrate. The substrate is a semiconductor material, and several layers 
of metal, dielectric, and resistive films are used. Below we will briefly describe these two 
types of MICs in terms of the materials and fabrication processes that are required and the 
relative merits of each type of circuitry. 

Hybrid Microwave Integrated Circuits 

Material selection is an important consideration for a hybrid integrated circuit; character- 
istics such as electrical conductivity, dielectric constant, loss tangent, thermal transfer, me- 
chanical strength, and manufacturing compatibility must be evaluated. Generally the sub- 
strate material is of primary importance. For hybrid circuits, alumina, quartz, and Teflon 
fiber are commonly used for substrates. Alumina is a rigid, ceramic -like material with a 
dielectric constant of about 9-10. A high dielectric constant is often desirable for lower 
frequency circuits because it results in a smaller circuit size. At higher frequencies, how- 
ever, the substrate thickness must be decreased to prevent radiation loss and other spurious 
effects; then the transmission lines (typically microstrip, slotline, or coplanar waveguide) 
can become too narrow to be practical. Quartz has a lower dielectric constant (~4), which, 
with its rigidity, makes it useful for higher frequency (>20 GHz) circuits. Teflon and sim- 
ilar types of soft plastic substrates have dielectric constants ranging from 2 to 10, and can 
provide a large substrate area at a low cost as long as rigidity and good thermal transfer 
are not required. Transmission line conductors for hybrid integrated circuits are typically 
copper or gold. 

Computer-aided design (CAD) tools are used extensively for MIC design, optimiza- 
tion, layout, and mask generation. Commonly used software packages include CADENCE 
(Cadence Design Systems), ADS (Agilent Technologies), Microwave Office (Applied Wave 
Research), and DESIGNER (Ansoft). The mask itself may be made on Rubylith (a soft 
Mylar film), usually at a magnified scale (2x, 5x, lOx, etc.) for high accuracy. Then 
an actual-size mask is made on a thin sheet of glass or quartz. The metallized substrate is 
coated with photoresist, covered with the mask, and exposed to a light source. The substrate 
can then be etched to remove the unwanted areas of metal. Plated-through, or via, holes can 
be made by evaporating a layer of metal inside a hole that has been drilled in the substrate. 
Finally, the discrete components are soldered or wire bonded to the conductors. This may 
be done manually, but today the process is usually automated using computer-controlled 
pick-and-place machines. The fabricated MIC can then be tested. Often provision is made 
for variations in component values and other circuit tolerances by providing tuning or trim 
stubs that can be manually trimmed for each circuit. This increases circuit yield but also 
increases cost since trimming involves labor at a highly skilled level. A photograph of a 
hybrid MIC module is shown in Figure 1 1.25. 

Monolithic Microwave Integrated Circuits 

Progress in GaAs and related semiconductor material processing and device development 
since the late 1970s has led to the feasibility of the MMIC, where all passive and active 
components required for a given circuit can be grown or implanted in the substrate. Po- 
tentially, an MMIC can be made at low cost because the labor involved with fabricating 
hybrid MICs is reduced. In addition, a single wafer can contain a large number of circuits, 
all of which can be processed and fabricated simultaneously. 
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FIGURE 11.25 Photograph of one of the 25,344 hybrid integrated T/R modules used in 
Raytheon's Ground Based Radar system. This X-band module contains phase 
shifters, amplifiers, switches, couplers, a ferrite circulator, and associated control 
and bias circuitry. 

Courtesy of Raytheon Company, Waltham, Mass. 

The substrate of an MMIC must be a semiconductor material to accommodate the 
fabrication of active devices; the type of devices and the frequency range dictate the type 
of substrate material. The GaAs MESFET is a very versatile device, finding applications in 
low-noise amplifiers, high-gain amplifiers, broadband amplifiers, mixers, oscillators, phase 
shifters, and switches. Thus, GaAs is one of the most common substrates for MMICs, but 
silicon, silicon-on-sapphire (SoS), silicon carbide (SiC), and InP are also used. 

Transmission lines and other conductors are usually made with gold metallization. 
To improve adhesion of the gold to the substrate, a thin layer of chromium or titanium 
may be deposited first. These metals are relatively lossy, so the gold layer must be made 
at least several skin depths thick to reduce attenuation. Capacitors and overlaying lines 
require insulating dielectric films, such as SiO, SiC>2, Si2N4, and Ta2C>5. These materials 
have high dielectric constants and low loss, and are compatible with integrated circuit 
processing. Resistors require the deposition of lossy films; NiCr, Ta, Ti, and doped GaAs 
are commonly used. 

Designing an MMIC requires extensive use of CAD software for circuit design and 
optimization, as well as for mask generation. Careful consideration must be given to the 
circuit design to allow for component variations and tolerances, and the fact that circuit 
trimming after fabrication will be difficult or impossible (and defeats the goal of low-cost 
production). Thus, effects such as transmission line discontinuities, bias networks, spurious 
coupling, and package resonances must be taken into account. 

After the circuit design has been finalized, the masks can be generated. One or more 
masks are generally required for each processing step. Processing begins by forming an 
active layer in the semiconductor substrate for the necessary active devices; this can be 
done by ion implantation or by epitaxial techniques. Then, active areas are isolated by 
etching or additional implantation, leaving mesas for the active devices. Next, ohmic con- 
tacts are made to the active device areas by alloying a gold or gold/germanium layer onto 
the substrate. FET gates are then formed with a titanium/platinum/gold compound de- 
posited between the source and drain areas. At this time, the active device processing has 
been essentially completed, and intermediate tests may be made to evaluate the wafer. 
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FIGURE 11.26 Layout of a monolithic microwave integrated circuit. 



If it meets specifications, the next step is to deposit the first layer of metallization for con- 
tacts, transmission lines, inductors, and other conducting areas. Then, resistors are formed 
by depositing resistive films, and the dielectric films required for capacitors and overlays 
are deposited. A second layer of metallization completes the formation of capacitors and 
any remaining interconnections. The final processing steps involve the bottom, or back, of 
the substrate. First it is lapped to the required thickness, and then via holes are formed by 
etching and plating. Via holes provide ground connections to the circuitry on the top side 
of the substrate, and a heat dissipation path from the active devices to the ground plane. 
After processing has been completed, the individual circuits can be cut from the wafer and 
tested. Figure 11.26 shows the structure of a typical MMIC, and Figure 11.27 shows a 
photograph of an X-band monolithic integrated GaAs FET amplifier. 

Monolithic microwave integrated circuits are not without some disadvantages when 
compared with hybrid MICs or other types of circuitry. First, MMICs tend to waste large 
areas of relatively expensive semiconductor substrate for components such as transmis- 
sion lines and hybrids. In addition, the processing steps and required tolerances for an 
MMIC are very critical, often resulting in low yields. These factors tend to make MMICs 
expensive, especially when made in small quantities (less than several hundred). MMICs 
generally require a more thorough design procedure to include effects such as component 
tolerances and discontinuities, and debugging, tuning, or trimming after fabrication is dif- 
ficult. Because their small size limits heat dissipation, MMICs cannot be used for circuits 
requiring more than moderate power levels. In addition, high-g resonators and filters are 
difficult to implement in MMIC form because of the inherent resistive losses in MMIC 
materials. 

Besides the obvious features of small size and weight, MMICs have some unique ad- 
vantages over other types of circuits. Since it is very easy to fabricate additional FETs 
in an MMIC design, circuit flexibility and performance can often be enhanced with little 
additional cost. In addition, monolithically integrated devices have much less parasitic re- 
actance than discrete packaged devices, so MMIC circuits can often be made with broader 
bandwidth than hybrid circuits. MMICs generally give very reproducible results, especially 
for circuits from the same wafer. 
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FIGURE 11.27 Photograph of a typical GaAs X-band MMIC incorporating a pair of two-stage 
amplifiers. 

Courtesy of M. Adlerstein, Raytheon Company, Waltham, Mass. 




POINT OF INTEREST: RF MEMS Switch Technology 

An exciting new field is the use of micromachining techniques to form suspended or mov- 
able structures in a silicon substrate that can be used for microwave resonators, antennas, and 
switches. A micromachined RF switch having a mechanically movable contact is an example of 
a micro-electro-mechanical system (MEMS), where the unique properties of silicon can be used 
to construct extremely small devices that employ miniaturized mechanical components such as 
levers, gears, motors, and actuators. 

RF MEMS switches are among the most promising applications of this new technology. 
A MEMS switch can be made in several different configurations, depending on the signal path 
(capacitive or direct contact), the actuation mechanism (electrostatic, magnetic, or thermal), the 
pull-back mechanism (spring or active), and the type of structure (cantilever, bridge, lever arm, 
or rotary). One popular configuration for microwave switches is shown below, where the capaci- 
tance of the signal path is switched between a low-capacitance state and a high-capacitance state 
by moving a flexible conductive membrane through the application of a DC control voltage. 




Low-capacitance High-capacitance 
(open circuit) (closed circuit) 



MEMS switches have very good loss characteristics, very low power consumption, and 
wide bandwidth, and (unlike diode or transistor switches) they exhibit virtually no intermodula- 
tion distortion or other nonlinear effects. The table below compares some of the key parameters 
of MEMS switches with those of popular solid-state switch technology over the 10-20 GHz 
band. 
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3W11C11 


Insertion 




Switching 




Switching 


Technology 


Loss (dB) 


Isolation (dB) 


Power 


DC Voltage (V) 


Speed 


PIN diode 


0.1-0.8 


25^15 


1-5 mW 


1-10 


1-5 ns 


FET 


0.5-1.0 


20-50 


1-5 mW 


1-10 


2-10 ns 


MEMS 


0.1-1.0 


25-60 


1 fiW 


10-20 


>30 /xs 



Probably the most significant drawbacks of RF MEMS switches are the relatively slow 
switching time and potential lifetime limitations; both of these are a result of the mechanical 
nature of the device. One of the most important applications foreseen for MEMS switches is for 
low-cost switched-line-length phase shifters, which are required in large numbers for phased 
array antennas. 



MICROWAVE TUBES 

Although solid-state sources of RF and microwave power are preferred due to size, weight, 
power, and cost considerations, electron tubes provided the first practical sources of high- 
frequency power, and for several decades they were the only sources available at these 
frequencies. Today, solid-state diode or transistor sources are used in the majority of RF or 
microwave applications, and progress in solid-state technology is steadily improving the 
power versus frequency performance of solid-state sources. There are, however, still some 
systems that are best served by electron tubes. These are generally microwave or millimeter 
wave applications that require very high powers and/or very high frequencies. 

Radar systems generally require a relatively high-power source, sometimes as high as 
1-10 kW, for the transmitter (in addition to one or more low-power sources for local oscil- 
lator and down conversion functions in the receiver). Radar transmitters are often operated 
in a pulsed mode, and peak powers that are much greater than the continuous power rating 
of a given source can then be attained. Electronic warfare systems use sources with powers 
in the range of 100 W to 1 kW, with the additional requirement for tunability over a wide 
bandwidth. In addition, the microwave oven, that most common of all microwave systems, 
requires a single-frequency, high-power source in the range of 700 W. Usually the most 
practical way to meet the power requirements of these systems is with electron tubes. 

As frequency increases into the millimeter and submillimeter ranges it becomes in- 
creasingly difficult to produce even moderate power with solid-state devices, so tubes 
become more useful at these frequencies. Generally, the division is between solid-state 
sources for low to moderate powers at low to moderate frequencies, and tubes for high 
powers and/or high frequencies. Figure 11.28 illustrates the power versus frequency per- 
formance for solid state and tube sources. Solid-state sources have the advantages of small 
size, ruggedness, low cost, and compatibility with microwave integrated circuits, and so 
they are usually preferred whenever they can meet the necessary power and frequency 
requirements. However, very high power applications are dominated by microwave tubes, 
and even though the power and frequency performance of solid-state sources is steadily im- 
proving, it appears that the need for microwave tubes will not be eliminated any time soon. 

The first practical microwave source was the magnetron tube, developed in England in 
the 1930s, which later provided the impetus for the development of microwave radar during 
World War II. Since then, a large variety of microwave tubes have been designed for the 
generation and amplification of microwave power. Although solid-state devices have been 
progressively filling roles that once could only be met by microwave tubes, tubes are still 
essential for the generation of very high powers (10 kW and higher), and at the higher 
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millimeter wave frequencies (100 GHz and higher). Here we will provide a brief overview 
of some of the most common microwave tubes and their basic characteristics. Several of 
these tubes are not actually sources by themselves but are high-power amplifiers. Such 
tubes can used in conjunction with lower power sources (such as solid-state sources), and 
the combination is referred to as a microwave power module (MPM). 

There is a wide variety of microwave tube geometries, as well as a wide variety of 
principles on which tube operation is based, but all tubes have several common features. 
First, all tubes involve the interaction of an electron beam with an electromagnetic field, 
inside a glass or metal vacuum envelope. Thus, a way must be provided for RF energy to 
be coupled outside the envelope; this is usually accomplished with transparent windows or 
coaxial coupling probes or loops. Next, a hot cathode is used to generate a stream of elec- 
trons by thermionic emission. Cathodes are usually fabricated from a barium oxide-coated 
metal surface, or an impregnated tungsten surface. The electron stream is then focused into 
a narrow beam by a focusing anode with a high voltage bias. Alternatively, a solenoidal 
electromagnet can be used to focus the electron beam. For pulsed operation, a beam modu- 
lating electrode is used between the cathode and anode. A positive bias voltage will attract 
electrons from the cathode and turn the beam on, while a negative bias will turn the beam 
off. After the electron beam leaves the region of the tube where the desired interaction with 
the RF field takes place, a collector element is used to provide a complete current path back 
to the cathode power supply. The assembly of the cathode, focusing anode, and modulat- 
ing electrode is called the electron gun. Because of the requirement for a high vacuum and 
the need to dissipate large amounts of heat, microwave tubes are generally very large and 
bulky. In addition, tubes often require large, heavy biasing magnets and high voltage power 
supplies. Factors to consider when choosing a particular type of tube include power output, 
frequency, bandwidth, tuning range, and noise. 

Microwave tubes can be grouped into two categories, depending on the type of electron 
beam-field interaction. In linear-beam, or "O," type tubes the electron beam traverses the 
length of the tube and is parallel to the electric field. In the crossed-field, or "m," type tube 
the focusing field is perpendicular to the accelerating electric field. Microwave tubes can 
also be classified as either oscillators or amplifiers. 

The klystron is a linear-beam tube that can be used as either an amplifier or an oscilla- 
tor. In a klystron amplifier, the electron beam passes through two or more resonant cavities. 
The first cavity accepts an RF input and modulates the electron beam by bunching it into 
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high-density and low-density regions. The bunched beam then travels to the next cavity, 
which accentuates the bunching effect. At the final cavity the RF power is extracted, at a 
highly amplified level. Two cavities can produce up to about 20 dB of gain, while using 
four cavities (about the practical limit) can give 80-90 dB of gain. Klystrons are capable of 
peak powers in the megawatt range, with RF output/DC input power conversion efficien- 
cies of 30%-50%. 

The reflex klystron is a single-cavity klystron tube that operates as an oscillator by 
using a reflector electrode after the cavity to provide positive feedback via the electron 
beam. It can be tuned by mechanically adjusting the cavity size. The major disadvantage 
of klystrons is their narrow bandwidth, which is a result of the high-g cavities required for 
electron bunching. Klystrons have very low AM and FM noise levels. 

The narrow bandwidth of the klystron amplifier is overcome in the traveling wave tube 
(TWT). The TWT is a linear-beam amplifier that uses an electron gun and a focusing mag- 
net to accelerate a beam of electrons through an interaction region. Usually the interaction 
region consists of a slow-wave helix structure, with an RF input at the electron gun end 
and an RF output at the collector end. The helical structure slows down the propagating 
RF wave so that it travels at the same velocity as the wave and beam travel along the inter- 
action region, and amplification is achieved. Then the amplified signal is coupled from the 
end of the helix. The TWT has the highest bandwidth of any amplifier tube, ranging from 
30% to 120%; this makes it very useful for electronic warfare systems, which require high 
power over broad bandwidths. It has a power rating of several hundred watts (typically), 
but this can be increased to several kilowatts by using an interaction region consisting of 
a set of coupled cavities; the bandwidth will be reduced, however. The efficiency of the 
TWT is relatively small, typically ranging from 20% to 40%. 

A variation of the TWT is the backward wave oscillator (BWO). The difference be- 
tween a TWT and the BWO is that in a BWO, the RF wave travels along the helix from 
the collector toward the electron gun. Thus the signal for amplification is provided by the 
bunched electron beam itself, and oscillation occurs. A very useful feature of the BWO 
is that its output frequency can be tuned by varying the DC voltage between the cathode 
and the helix; tuning ranges of an octave or more can be achieved. The power output of 
the BWO, however, is relatively low (typically less than 1 W), so these tubes are generally 
being replaced with solid-state sources. 

Another type of linear-beam oscillator tube is the extended interaction oscillator (EIO). 
The EIO is very similar to a klystron, and uses an interaction region consisting of several 
cavities coupled together, with positive feedback to support oscillation. It has a narrow tun- 
ing bandwidth and a moderate efficiency, but it can supply high powers at frequencies up 
to several hundred GHz. Only the gyratron can deliver more power. 

Crossed-field tubes include the magnetron, the crossed-field amplifier, and the gyra- 
tron. As previously mentioned, the magnetron was the first high-power microwave source. 
It consists of a cylindrical cathode surrounded by a cylindrical anode with several cavity 
resonators along the inside of its periphery. A magnetic bias field is applied parallel to the 
cathode-anode axis. In operation, a cloud of electrons is formed that rotates around the 
cathode in the interaction region. As with linear-beam devices, electron bunching occurs, 
and energy is transferred from the electron beam to the RF wave. RF power can be coupled 
out of the tube with a probe, loop, or aperture window. 

Magnetrons are capable of very high power outputs, on the order of several kilowatts, 
and with efficiencies of 80% or more. A significant disadvantage, however, is that they are 
very noisy and cannot maintain frequency or phase coherence when operated in a pulsed 
mode. These factors are important for high-performance pulsed radars, where processing 
techniques operate on a sequence of returned pulses. (Modern radars of this type today 
generally use a stable low-noise solid-state source, followed by a TWT for power amplifi- 
cation.) The main application of magnetrons today is primarily for microwave cooking. 
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FIGURE 11.29 Power versus frequency performance of microwave oscillator tubes. 



The crossed-field amplifier (CFA) has a geometry similar to that of a TWT, but em- 
ploys a crossed-field interaction region that is similar to that of the magnetron. The RF 
input is applied to a slow-wave structure in the interaction region of the CFA, but the elec- 
tron beam is deflected by a negatively biased electrode to force the beam perpendicular to 
the slow-wave structure. In addition, a magnetic bias field is applied perpendicular to this 
electric field, and perpendicular to the electron beam direction. The magnetic field exerts 
a force on the electron beam that counteracts the field from the sole. In the absence of 
an RF input, the electric and magnetic fields are adjusted so that their effects on the elec- 
tron beam cancel, leaving the beam to travel parallel to the slow-wave structure. Applying 
an RF field causes velocity modulation of the beam, and bunching occurs. The beam is 
also periodically deflected toward the slow-wave circuit, producing an amplified signal. 
Crossed-field amplifiers have very good efficiencies — up to 80%, but the gain is limited 
to 10-15 dB. In addition, the CFA has a noisier output than either a klystron amplifier or 
TWT. Its bandwidth can be up to 40%. 

Another crossed-field tube is the gyratron, which can be used as an amplifier or an 
oscillator. This tube consists of an electron gun with input and output cavities along the 
axis of the electron beam, similar to a klystron amplifier. However, the gyratron also has a 
solenoidal bias magnet that provides an axial magnetic field. This field forces the electrons 
to travel in tight spirals down the length of the tube. The electron velocity is high enough 
that relativistic effects are important. Bunching occurs, and energy from the transverse 
component of the electron velocity is coupled to the RF field. 

A significant feature of the gyratron is that the frequency of operation is determined 
by the bias field strength and the electron velocity, as opposed to the dimensions of the tube 
itself. This makes the gyratron especially useful for millimeter wave frequencies; it offers 
the highest output power (10-100 kW) of any tube in this frequency range. It also has a 
high efficiency for tubes in the millimeter wave range. The gyratron is a relatively new 
type of tube, but it is rapidly replacing tubes such as reflex klystrons and EIOs as sources 
of millimeter wave power. 

Figures 11.29 and 11.30 summarize the power versus frequency performance of mi- 
crowave tube oscillators and amplifiers. 
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FIGURE 11.30 Power versus frequency performance of microwave amplifier tubes. 
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PROBLEMS 



11.1 The Skyworks SMS 1546 Schottky diode has the following parameters: Cj = 0.38 pF, R s = 4 £2, 
I s = 0.3 fiA, and L p = C p ~ 0. Compute the open-circuit voltage sensitivity at 10 GHz for Iq = 
0, 20, and 50 /xA. Assume a = 1/(25 mV), and neglect the effect of bias current on the junction 
capacitance. 

11.2 A single-pole, single-throw switch uses an Infineon BA592 PIN diode in a shunt configuration. 
The operating frequency is 4 GHz, Zq = 50 £2, and the diode parameters are C ,■ = 1.4 pF, R r — 
0.5 £2, Rf — 0.36 £2, and L; = 0.5 nH. Find the electrical length of an open-circuited shunt stub 
placed across the diode to minimize the insertion loss for the ON state of the switch. Calculate the 
resulting insertion losses for the ON and OFF states. 

11.3 A single-pole, single-throw switch is constructed using two identical PIN diodes in the arrangement 
shown below. In the ON state, the series diode is forward biased and the shunt diode is reversed 
biased; and vice versa for the OFF state. If / = 6 GHz, Z 0 = 50 £2 , Cj = 0. 1 pF, R r = 0.5 £2 , Rf = 
0.3 £2, and L; = 0.4 nH, determine the insertion losses for the ON and OFF states. 
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11.4 Consider the loaded-line phase shifter shown below. If Zq = 50 £2, find the necessary stub lengths 
for a differential phase shift of 45°, and calculate the resulting insertion loss for both states of the 
phase shifter. Assume all lines are lossless and that the diodes can be approximated as ideal shorts or 
opens. 
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11.5 Use the equivalent circuit of Figure 1 1.17 to derive the expression for the short-circuit current gain 
of a bipolar transistor. Assume a unilateral device, where C c — 0. 

11.6 Show that the scattering parameters for an FET can be expressed in terms of the parameters of the 
equivalent circuit of Figure 1 1 .2 1 as given below. Assume the device is unilateral. 

s _ z ll ~ z 0 s _ q s _ 2jZ Q g m /aiCgs ^ _ Z 2 2 - Z Q 

Z ll + Z n' ( Z ll + Z o) ( Z 22 + Z o) ' Z 22 + Z o' 

where Z u = R t - j/a>C gs and Z 22 = (1/^ + jcoC ds )~ l . 

11.7 Given the scattering parameters for an FET, derive expressions for the parameters of the equivalent 
circuit model of Figure 11.21, assuming a unilateral device. Use these results to find the equivalent 
circuit parameters for the HEMT device whose scattering parameters are given in Table 11.7, at a 
frequency of 2.0 GHz. Ignore 5i2- 
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Microwave Amplifier Design 



Signal amplification is one of the most basic and prevalent circuit functions in modern 
RF and microwave systems. Early microwave amplifiers relied on tubes, such as klystrons and 
traveling-wave tubes, or solid-state reflection amplifiers based on the negative resistance char- 
acteristics of tunnel or varactor diodes. However, due to the dramatic improvements and inno- 
vations in solid-state technology that have occurred since the 1970s, most RF and microwave 
amplifiers today use transistor devices such as Si BJTs, GaAs or SiGe HBTs, Si MOSFETs, 
GaAs MESFETs, or GaAs or GaN HEMTs [1-5]. Microwave transistor amplifiers are rugged, 
low-cost, and reliable and can be easily integrated in both hybrid and monolithic integrated 
circuitry. Transistor amplifiers can be used at frequencies in excess of 100 GHz in a wide range 
of applications requiring small size, low noise figure, broad bandwidth, and medium to high 
power capacity. Although microwave tubes are still useful for very high power and/or very high 
frequency applications, continuing improvement in the performance of microwave transistors 
is steadily reducing the need for microwave tubes. 

Our discussion of transistor amplifier design will primarily rely on the terminal character- 
istics of the transistor, as represented by either scattering parameters or one of the equivalent 
circuit models introduced in the previous chapter. We will begin with some general definitions 
of two-port power gains that are useful for amplifier design and then discuss the subject of sta- 
bility. These results will then be applied to single-stage transistor amplifiers, including designs 
for maximum gain, specified gain, and low noise figure. Broadband balanced and distributed 
amplifiers are discussed in Section 12.4. We conclude with a brief treatment of transistor power 
amplifiers. 



TWO-PORT POWER GAINS 

In this section we develop several expressions for the gain and stability of a general two- 
port amplifier circuit in terms of the scattering parameters of the transistor. These results 



558 



12.1 Two-Port Power Gains 559 



z, 



, A AAA 

VWv 


+ 




[S] 

(z 0 ) 




+ 


^ ZL 




-o 


r,„ 


lout 







FIGURE 12.1 A two-port network with arbitrary source and load impedances. 



will be used in the following sections for amplifier design and in Chapter 13 for oscillator 
design. 



Definition of Two-Port Power Gains 

Consider an arbitrary two-port network, characterized by its scattering matrix [S], con- 
nected to source and load impedances Z$ and Zl, respectively, as shown in Figure 12.1. 
We will derive expressions for three types of power gain in terms of the scattering param- 
eters of the two-port network and the reflection coefficients, T$ and Vl, of the source and 
load. 

• Power gain — G — Pl/P'hi is the ratio of power dissipated in the load Zl to the 
power delivered to the input of the two-port network. This gain is independent of 
Zs, although the characteristics of some active devices may be dependent on Z$. 

• Available power gain — G a = ^avn/^avs is the ratio of the power available from the 
two-port network to the power available from the source. This assumes conjugate 
matching of both the source and the load, and depends on Z$, but not Zl. 

• Transducer power gain — Gj — Pl/Pws is the ratio of the power delivered to the 
load to the power available from the source. This depends on both Z$ and Zl ■ 

These definitions differ primarily in the way the source and load are matched to the two- 
port device; if the input and output are both conjugately matched to the two-port device, 
then the gain is maximized and G — G a — Gj . 

With reference to Figure 12.1, the reflection coefficient seen looking toward the load is 

Zi — Zo 

Fl = -7 ^-7 ' ( 12 ' la > 

Zl + Zo 

while the reflection coefficient seen looking toward the source is 

Zs-Zo 
Z S + Z 0 ' 

where Zq is the characteristic impedance reference for the scattering parameters of the 
two -port network. 

In general, the input impedance of the terminated two-port network will be mis- 
matched with a reflection coefficient given by Ti n , which can be determined using a signal 
flow graph (see Example 4.7) or by the following analysis. From the definition of the scat- 
tering parameters, and the fact that y 2 + = T^, V 2 ~, we have 

Vf = Sn V+ + S 12 V+ = S n V+ + S l2 V L V-, (12.2a) 
V 2 - = 5 2i V+ + S 22 V+ = S 2l V+ + S 22 r L V-. (12.2b) 
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Eliminating V 2 ~ from (12.2a) and solving for V x - / gives 

where Z; n is the impedance seen looking into port 1 of the terminated network. Similarly, 
the reflection coefficient seen looking into port 2 of the network when port 1 is terminated 
by Z s is 

r out = -\ = S 22 + . (12.3b) 

V+ 1-SnTs 



By voltage division, 



Vi = v s z ™ = y+ + yf = v+ (i + r in ). 



Using 

1 + Ti, 



1 - r in 

from (12.3a) and solving for in terms of Vs gives 

, v s (i - r s ) 

y + - (12.4) 

1 2 (i - r s r in ) 

If peak values are assumed for all voltages, the average power delivered to the network is 

P.. = ^|vn J (i-ir„P) = Mjl_^_ (1 _ |r , n|2) , (12 „ 

where (12.4) was used. The power delivered to the load is 

\v~\ 2 

Pl= L r^(l-|r L | 2 ). (12.6) 

ZZo 

Solving for V 2 ~ from (12.2b), substituting into (12.6), and using (12.4) gives 

p = l^! 4 "! 2 I^2il 2 (i - ir^l 2 ) = |y s | 2 |52il 2 (i-ir £ | 2 )|i-r s | 2 
2z 0 |i-5 22 r L | 2 " " 8z 0 |i-5 22 r L | 2 |i-r 5 r in | 2 ' 

The power gain can then be expressed as 

„ p l |5 2 i| 2 (i-|r L | 2 ) 



^in (i-|r in | 2 )|i-5 22 r L | 



2 ' 



(12.8) 



The power available from the source, P a vs. is the maximum power that can be delivered 
to the network. This occurs when the input impedance of the terminated network is conju- 
gately matched to the source impedance, as discussed in Section 2.6. Thus, from (12.5), 



^avs — ^ir 



|y s | 2 U-r 5 | 2 



r m =r* 8Z 0 (l-|r 5 | 2 )' 



(12.9) 
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Similarly, the power available from the network, P avn , is the maximum power that can be 
delivered to the load. Thus, from (12.7), 



Pl 



|y 5 | 2 |5 21 | 2 (i-|r out | 2 )|i-r 5 



8z 0 h_ 522r * | 2 u_ rsr . 



(12.10) 



In (12.10), must be evaluated for Fl — F* ut . From (12.3a), it can be shown that 

_ u-Snrs| 2 (i-|r out | 2 ) 2 

r i= r out 



H-TsTi, 



1-S22H 



which reduces (12.10) to 



Ws\ z 



\S 2 i 



li -r. 



8z 0 |i_ 5ll r s | 2 (i-|r out | 2 ) 



(12.11) 



Observe that P avs and P avn have been expressed in terms of the source voltage, Vs, which is 
independent of the input or load impedances. There would be confusion if these quantities 
were expressed in terms of since is different for each of the calculations of Pi, 

Using (12. 1 1) and (12.9), we obtain the available power gain as 



G = P*vn = l^2l| 2 (l-|r,| 2 ) 

A Pavs |i-5 n r s | 2 (i-|r out | 2 )' 

From (12.7) and (12.9), the transducer power gain is 

|s 2 il 2 (i-|r 5 | 2 )(i-|r L | 2 ) 



Gt — 



Pl 



|i-r 5 r in | 2 |i-5 2 2r L |^ 



(12.12) 



(12.13) 



A special case of the transducer power gain occurs when both the input and output are 
matched for zero reflection (in contrast to conjugate matching). Then Vi — Vg — 0, and 
(12.13) reduces to 



Gt = \S21V 



(12.14) 



Another special case is the unilateral transducer power gain, Gtu, where S12 = 0 (or is 
negligibly small). This nonreciprocal characteristic is approximately true for many transis- 
tors devices. From (12.3a), r; n = Su when S12 = 0, so (12.13) gives the unilateral trans- 
ducer power gain as 



Gju = 



|S2il 2 (i-|rsl 2 )(i-|F L | 2 ) 
|i-Snr s | 2 |i-s 22 r L | 2 



(12.15) 




EXAMPLE 12.1 COMPARISON OF POWER GAIN DEFINITIONS 

A silicon bipolar junction transistor has the following scattering parameters at 
1.0 GHz, with a 50 Q reference impedance: 

Su = 0.38Z-158 0 
S12 = 0.11/54° 

521 = 3.50/80° 

5 22 = 0.40/^13° 
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The source impedance is Z$ — 25 £2 and the load impedance is Zi — 40 Q. 
Compute the power gain, the available power gain, and the transducer power gain. 

Solution 

From (12.1a) and (12.1b) the reflection coefficients at the source and load are 

Z s - Z 0 25 - 50 

r s = — = = -0.333, 

Z s + Zq 25 + 50 

Z L - Z 0 40 - 50 

T L = — = = -0.111. 

Z L + Z 0 40 + 50 

From (12.3a) and (12.3b) the reflection coefficients seen looking at the input and 
output of the terminated network are 

r ia = Sn+ ^ S ^ r L L = 0-365/ - 152°, 

Tout = + ^f^= 0.545/ -43°. 
1 - Snls 

Then from (12.8) the power gain is 



^(i-ir.l 2 ) 
(i-|r in | 2 )|i-5 22 r L | 2 



From (12.12) the available power gain is 

|5 2 il 2 (i-|r s | 2 ) 



19.8. 



|i-5 n r s | 2 (i-|r out | 2 ) 

From (12. 13) the transducer power gain is 

_ |5 2 il 2 (i-|r 5 | 2 )(i-|F L | 2 ) 

Or = ~ ^— = 12.6. 

|i-r s r in | 2 |i-5 22 r L | 2 



Further Discussion of Two-Port Power Gains 

A single-stage microwave transistor amplifier can be modeled by the circuit of Figure 12.2, 
where matching networks are used on both sides of the transistor to transform the input and 
output impedance Zq to the source and load impedances Zs and Z^. The most useful gain 
definition for amplifier design is the transducer power gain of (12.13), which accounts 
for both source and load mismatch. From (12.13) we can define separate effective gain 
factors for the input (source) matching network, the transistor itself, and the output (load) 
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FIGURE 12.2 The general transistor amplifier circuit. 
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matching network as follows: 



U-r in r s | 2 



G 0 = |5 2 j| 2 , 



G L = 



i-|r L | 2 
|i-5 22 r L | 



(12.16a) 
(12.16b) 
(12.16c) 



The overall transducer gain is then Gj — GsGqGl. The effective gains G$ and Gi of 
the matching networks may be greater than unity. This is because the unmatched transistor 
would incur power loss due to reflections at the input and output of the transistor, and the 
matching sections can reduce these losses. 

If the transistor is unilateral, so that S12 = 0 (or is small enough to be ignored), 
then (12.3) reduces to r; n = Sn, r out = S22, and the unilateral transducer gain reduces 
to Gtu — GsGqGl, where 

|2 

T , (12.17a) 



1 



|r s | 



G L 



U- 
IS21 
1 



Snr s | 



ir L | 



|i - 5 22 ri 



2 ■ 



(12.17b) 



(12.17c) 



The above results have been derived using the scattering parameters of the transistor, 
but it is possible to obtain alternative expressions for gain in terms of the equivalent circuit 
parameters of the transistor. As an example, consider the evaluation of the unilateral trans- 
ducer gain for a conjugately matched FET using the equivalent circuit of Figure 11.21 (with 
C g d — 0). To conjugately match the transistor we choose source and load impedances as 
shown in Figure 12.3. Setting the series source inductive reactance X = 1 /(dC ks will make 
Z; n = Z* s , and setting the shunt load inductive susceptance B — —(oC c ] s will make Z out = 
Z* L ; this effectively eliminates the reactive elements from the transistor equivalent circuit. 
Then by voltage division V c — Vs/2 jcoRiC gs , and the gain can be easily evaluated as 

Gtu — — k 8mVA2RdS - ~4^r = ^ ( ^ ■ (12-18) 



^|V s | 2 /*i 



4co 2 RiC 2 gs 



where the last step has been written in terms of the cutoff frequency, fx, from (1 1.24). This 
shows the interesting result that the gain of a conjugately matched FET amplifier drops off 
as 1/f 2 , or 6 dB per octave. A photograph of a low-noise MMIC amplifier is shown in 
Figure 12.4. 

R . jx Gate 




FIGURE 12.3 Unilateral FET equivalent circuit and source and load terminations for the calcula- 
tion of unilateral transducer power gain. 
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FIGURE 12.4 Photograph of a low-noise MMIC amplifier that is switchable between 2.4, 3.6, 
and 5.8 GHz. The amplifier uses pHEMTs in a cascode configuration with source 
inductance, followed by a common source stage with feedback. Gain is approxi- 
mately 13 dB in each band. Chip dimensions are 1.85 mm by 1 mm. 

Courtesy of J. Shatzman and R. W. Jackson of the University of Massachusetts at Amherst 
and H. Yu of TriQuint, Lowell, Mass. 



STABILITY 

We now discuss the necessary conditions for a transistor amplifier to be stable. In the 
circuit of Figure 12.2, oscillation is possible if either the input or output port impedance 
has a negative real part; this would then imply that |r; n | > 1 or |r out | > 1. Because r; n 
and r out depend on the source and load matching networks, the stability of the amplifier 
depends on F$ and Vl as presented by the matching networks. Thus, we define two types 
of stability: 

• Unconditional stability: The network is unconditionally stable if |ri n | < 1 and 
I Tout I < 1 for all passive source and load impedances (i.e., \Ts\ < 1 and \Fi\ < 1). 

• Con ditional stability: The network is conditionally stable if | r; n | < land|r out | < 1 
only for a certain range of passive source and load impedances. This case is also 
referred to as potentially unstable. 

Note that the stability condition of an amplifier circuit is usually frequency depen- 
dent since the input and output matching networks generally depend on frequency. It is 
therefore possible for an amplifier to be stable at its design frequency but unstable at other 
frequencies. Careful amplifier design should consider this possibility. We must also point 
out that the following discussion of stability is limited to two-port amplifier circuits of the 
type shown in Figure 12.2, and where the scattering parameters of the active device can 
be measured without oscillations over the frequency band of interest. The rigorous gen- 
eral treatment of stability requires that the network scattering parameters (or other network 
parameters) have no poles in the right-half complex frequency plane, in addition to the 
conditions that |r; n | < 1 and |r out | < 1 [6]. This can be a difficult assessment in practice, 
but for the special case considered here, where the scattering parameters are known to be 
pole free (as confirmed by measurability), the following stability conditions are adequate. 

Stability Circles 

Applying the above requirements for unconditional stability to (12.3) gives the following 
conditions that must be satisfied by Y$ and Vl if the amplifier is to be unconditionally 
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stable: 



I r„ut i = 



Sn + 



S22 



1 - s 22 r L 



i-s n r s 



< 1, 



< 1. 



(12.19a) 
(12.19b) 



If the device is unilateral (S12 = 0), these conditions reduce to the simple results that 
I SnI < 1 and IS22I < 1 are sufficient for unconditional stability. Otherwise, the inequali- 
ties of (12.19) define a range of values for F$ and Fi where the amplifier will be stable. 
Finding this range for V$ and Tl can be facilitated by using the Smith chart and plotting 
the input and output stability circles. The stability circles are defined as the loci in the 
Vl (or F$) plane for which |r; n | = 1 (or |r out | = 1). The stability circles then define the 
boundaries between stable and potentially unstable regions of F$ and T^. T$ and F^ must 
lie on the Smith chart (\Fs\ < 1, \Fl\ < 1 for passive matching networks). 

We can derive the equation for the output stability circle as follows. First use (12.19a) 
to express the condition that | Ti n | = 1 as 



Sn 



Sl2S2lTz, 



1 - s 22 r L 



1, 



(12.20) 



or 



|Sn(i - s 22 r L ) + Si 2 s 2 ir L | = |i - s 22 r L |. 

Now define A as the determinant of the scattering matrix: 

A = S11S22 - S12S21. 
Then we can write the above result as 

|Sn-Ar L | = |i-s 22 r L |. 

Now square both sides and simplify to obtain 



(12.21) 



(12.22) 



|S n | 2 + |A| 2 |r L | 2 - {af l s* u + A*r£s n ) = 1 + |S 22 | 2 |r L | 2 - (s 2 * 2 r£ + s 22 r L ) 
(IS22I 2 - |A| 2 )r L r2 - (s 22 - as* u ) r L - (s* 2 - a*s u ) r* L = \s n \ 2 - 1 



r L r* - 



(S 22 - AS*jF L + (S* 2 - A*Sn) F* 
|S 22 | 2 -|A| 2 



|Sn 



|S22| 2 -|A| 2 - 



(12.23) 



Next, complete the square by adding 1 522 — ASjj | /(IS22I 2 — I A| 2 ) to both sides: 



(s 2 2-As* n y 



|S 22 | 2 -|A|2 



|S 2 J-1 \s 22 -as* u \ 



|S 22 | 2 -|Ap (| S22 |2-|Ap) 2 



or 



(s 22 -A S * n y 



S12S21 



IS22I 



|A| 



IS22I 



|A| 



(12.24) 



In the complex F plane, an equation of the form | F — C\ = R represents a circle having a 
center at C (a complex number) and a radius R (a real number). Thus, (12.24) defines the 
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output stability circle with a center Cl and radius Ri, where 

(center), (12.25a) 

(radius). (12.25b) 
Similar results can be obtained for the input stability circle by interchanging Sn and S22' 

(center), (12.26a) 

(radius). (12.26b) 

Given the scattering parameters of the transistor, we can plot the input and output 
stability circles to define where |n n | = 1 and |r out | = 1. On one side of the input stability 
circle we will have |r out | < 1, while on the other side we will have |r out | > 1. Similarly, 
we will have | r; n | < 1 on one side of the output stability circle, and | r; n | > 1 on the other 
side. We need to determine which areas on the Smith chart represent the stable region, for 
which I I < 1 and |r out | < 1. 

Consider the output stability circles plotted in the Tl plane for | Sn I < 1 and | Si 1 1 > 
1, as shown in Figure 12.5. If we set Zl — Zq, then Vl — 0, and (12.19a) shows that 
I I — \Sn\. Now if I Si 1 1 < 1 , then | r; n | < 1 , so Vi = 0 must be in a stable region. This 
means that the center of the Smith chart (r^ = 0) is in the stable region, so all of the Smith 
chart (\Vl\ < 1) that is exterior to the stability circle defines the stable range for r^. This 
region is shaded in Figure 12.5a. Alternatively, if we set Zl = Zq but have \Sn\ > 1, then 
I Tin I > 1 for Tl — 0, and the center of the Smith chart must be in an unstable region. In 
this case the stable region is the inside region of the stability circle that intersects the Smith 
chart, as illustrated in Figure 12.5b. Similar results apply to the input stability circle. 

If the device is unconditionally stable, the stability circles must be completely outside 
(or totally enclose) the Smith chart. We can state this result mathematically as 

\\C L \-R L \>1 for |5n|<l, (12.27a) 
||C S |-/? S |>1 for IS22I < 1. (12.27b) 



(^22 -AS*!)* 
|S 22 | 2 -|A|2 

S12S21 

|S 2 2| 2 -|A|2 



Rs = 



(Sn - AS* 2 y 
|Sn| 2 -|A|2 



IS11I 2 



IAI 




FIGURE 12.5 Output stability circles for a conditionally stable device, (a) | Si 1 1 < 1 . 
(b)\S n \ > 1. 
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If I SnI > 1 or IS22I > 1, the amplifier cannot be unconditionally stable because we can 
always have a source or load impedance of Zq leading to Vg — 0 or Vl — 0, thus causing 
I I > 1 or |r out | > 1. If the device is only conditionally stable, operating points for T$ 
and Tl must be chosen in stable regions, and it is good practice to check stability at several 
frequencies over the range where the device operates. Also note that the scattering param- 
eters of a transistor depend on the bias conditions, and so stability will also depend on bias 
conditions. If it is possible to accept a design with less than maximum gain, a transistor 
can usually be made to be unconditionally stable by using resistive loading. 



Tests for Unconditional Stability 

The stability circles discussed above can be used to determine regions for F$ and Fi where 
the amplifier circuit will be conditionally stable, but simpler tests can be used to determine 
unconditional stability. One of these is the K — A test, where it can be shown that a device 
will be unconditionally stable if Rollet's condition, defined as 

l-|Su|*-|fe|* + |A|» 
2|Si 2 S 2 i| 

along with the auxiliary condition that 

|A| = |SiiS22-Si 2 S2i|<l, (12.29) 

are simultaneously satisfied. These two conditions are necessary and sufficient for uncon- 
ditional stability, and are easily evaluated. If the device scattering parameters do not satisfy 
the K — A test, the device is not unconditionally stable, and stability circles must be used 
to determine if there are values of V$ and Tl for which the device will be conditionally 
stable. Also recall that we must have |Sn| < 1 and IS22I < 1 if the device is to be uncon- 
ditionally stable. 

While the K — A test of (12.28)-(12.29) is a mathematically rigorous condition for 
unconditional stability, it cannot be used to compare the relative stability of two or more 
devices because it involves constraints on two separate parameters. Recently, however, 
a new criterion has been proposed [7] that combines the scattering parameters in a test 
involving only a single parameter, fi, defined as 

1_ |Sll| 2 1 m 1f\\ 

a — -. ; > 1. (12.30) 

|S 22 - AS^+IS^il 

Thus, if fi > 1, the device is unconditionally stable. In addition, it can be said that larger 
values of /x imply greater stability. 

We can derive the /x-test of (12.30) by starting with the expression from (12.3b) for 
Tom: 

SitS-jiTc S79 — AI\ 

r out = s 22 + = — -, (12.31) 

1-SnVs I-S11IV 

where A is the determinant of the scattering matrix defined in (12.21). Unconditional sta- 
bility implies that |r out | < 1 for any passive source termination, r$- The reflection coeffi- 
cient for a passive source impedance must lie within the unit circle on a Smith chart, and the 
outer boundary of this circle can be written as Vg — . The expression given in (12.31) 
maps this circle into another circle in the r ou t plane. We can show this by substituting 
V s = e& into (12.31) and solving for 

e J4> = 522 ~ r ° ut _ 
A - Si 1 Tout 
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Taking the magnitude of both sides gives 

S22 - r out 
A - SnTout 

Squaring both sides and expanding gives 



= 1. 



|r out | 2 (i - |S n | 2 ) + r 0Ut (A*s n - S* 22 ) + r* ut (AS* u - S 22 ) = |A| 2 - |S 22 | 2 . 
Now divide by 1 — |Sn | 2 to obtain 

lr , 2 , (a*Sh - s 2 * 2 )r out + (AS* t - s 22 )r 0 * ut _ | a| 2 - \s 22 \ 2 
1 outl + " 1-IS11I 2 " " 1-IS11I 2 • 

|A*5n - S* I 2 

Complete the square by adding r— to both sides: 



(l-\Sn\ 2 Y 



AS*, - S 22 

1 out + 



I-IS11I 2 



|A| 2 -|S 22 | 2 \A*S n -S* 22 \ 2 \SnS 2 i\ 2 „_ _„ 



l-\S n \ 2 (l-|Sn|2) 2 (l-|5np) 2 



This equation is of the form |r out — C\ — R, representing a circle with center C and radius 
R in the r out plane. Thus the center and radius of the mapped \ F$\ — 1 circle are given by 

S22 - a sr. 

c = T^#' (1233a) 

I-IS11I 2 

If points within this circular region are to satisfy |r out | < 1, then we must have that 

\C\+R<1. (12.34) 

Substituting (12.33) into (12.34) gives 

\S 22 - &S* n \ + \S l2 S 2 i\ < I-IS11I 2 , 
which after rearranging yields the /x-test of (12.30): 

l-|5n| 2 



S22- AS* +IS12S21I 



> 1. 



The K — A test of (12.28)-(12.29) can be derived from a similar starting point, or 
more simply from the /x-test of (12.30). Rearranging (12.30) and squaring gives 

|S 22 - AS^| 2 < (1 - |Sn| 2 - |Si 2 S 2 i|) 2 . (12.35) 

It can be verified by direct expansion that 

|S 22 - AS*!| 2 = |S 12 S 2 i| 2 + (1 - |Sn| 2 )(|S 22 | 2 - |A| 2 ), 

so (12.35) expands to 

|Si 2 S 21 | 2 +(l- |S 11 | 2 )(|S 22 | 2 -|A| 2 )<(1-|S 11 | 2 )(1-|S 11 | 2 -2|S 12 S 21 |) + |S 12 S 21 | 2 . 
Simplifying gives 

|S 22 | 2 -|A| 2 <l-|Sn| 2 -2|Si 2 S 2 i|, 
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which yields Rollet's condition of (12.28) after rearranging: 

1-|S,,| 2 -|S 7 ,| 2 + |A| 2 



2IS12S21I 



= K > 1. 




In addition to (12.28), the K — A test also requires the auxiliary condition of (12.29) to 
guarantee unconditional stability. Although we derived Rollet's condition from the neces- 
sary and sufficient result of the /z-test, the squaring step used in (12.35) introduces an ambi- 
guity in the sign of the right-hand side, thus requiring the additional condition. This can be 
derived by requiring that the right-hand side of (12.35) be positive before squaring. Thus, 

IS12S21I < I-IS11I 2 . 

Because similar conditions can be derived for the input side of the circuit, we can inter- 
change S\ 1 and 522 to obtain the analogous condition that 

IS12S21I < I-IS22I 2 . 
Adding these two inequalities gives 

2IS12S21I <2-|Sii| 2 -|S 22 | 2 . 
From the triangle inequality we know that 

|A| = \SnS22 ~ S n S 2 i \ < \S n S 2 2\ + \SnS21l 

so we have that 

|A| < IS11P22I + 1 - ^ISnl 2 - \\St2\ 2 < 1 - ^(ISiiI 2 - IS22I 2 ) < 1. 
which is identical to (12.29). 



EXAMPLE 12.2 TRANSISTOR STABILITY 

The Triquint T1G6000528 GaN HEMT has the following scattering parameters 
at 1.9 GHz (Z 0 = 50 £2): 

Sn = 0.869/-159 0 , 
S12 = 0.031 Z-9°, 

5 2 1 =4.250/61°, 

5 22 = 0.507 Z-l 17°. 

Determine the stability of this transistor by using the K — A test and the /z-test, 
and plot the stability circles on a Smith chart. 

Solution 

From (12.28) and (12.29) we compute K and | A| as 

|A| = IS11S22-S12S21I = 0.336, 

^1-I5n! 2 -I5 22 | 2 + |A| 2 =a383 
2|5i 2 52i| 

Thus we have |A| < 1 but not K > 1, so the unconditional stability criteria of 
(12.28)-(12.29) are not satisfied, and the device is potentially unstable. The sta- 
bility of this device can also be evaluated using the /x-test, for which (12.30) gives 
fx — 0.678, again indicating potential instability. 
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The centers and radii of the stability circles are given by (12.25) and (12.26): 



C L 



(S22- AS?, )* 

= 1.59Z132 0 , 

lfe| 2 -|A|2 



(S n - AS* )* 

C s = = 1.09/162°, 

|5n| 2 -|A|2 

= \SnSn\ = 
|5n| 2 -|A|2 

These data can be used to plot the input and output stability circles, as shown 
in Figure 12.6. Since |Sn| < 1 and IS22I < 1, the central part of the Smith chart 
represents the stable operating region for T$ and T^,. The unstable regions are 
shaded. ■ 




FIGURE 12.6 Stability circles for Example 12.2. 
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12.3 



SINGLE-STAGE TRANSISTOR AMPLIFIER DESIGN 



Design for Maximum Gain (Conjugate Matching) 

After the stability of the transistor has been determined and the stable regions for F$ and 
have been located on the Smith chart, the input and output matching sections can be 
designed. Since Go of (12.16b) is fixed for a given transistor, the overall transducer gain 
of the amplifier will be controlled by the gains, Gs and Gl, of the matching sections. 
Maximum gain will be realized when these sections provide a conjugate match between 
the amplifier source or load impedance and the transistor. Because most transistors exhibit 
a significant impedance mismatch (large \ Sn \ and |S 22 |), th e resulting frequency response 
may be narrowband. In the following section we will discuss how to design for less than 
maximum gain, with a corresponding improvement in bandwidth. Broadband amplifier 
design will be discussed in Section 12.4. 

With reference to Figure 12.2 and our discussion in Section 2.6 on conjugate imped- 
ance matching, we know that maximum power transfer from the input matching network 
to the transistor will occur when 

r in = T*, (12.36a) 

and that maximum power transfer from the transistor to the output matching network will 
occur when 

Tom = II . (12.36b) 

With the assumption of lossless matching sections, these conditions will maximize the 
overall transducer gain. From (12.13), this maximum gain will be given by 

IS21I 2 - ±~=r^- ( 12 -37) 



l-IFsl 2 ' Z11 U- 5 22 r L |2- 

In addition, with conjugate matching and lossless matching sections, the input and output 
ports of the amplifier will be matched to Zo. 

In the general case with a bilateral (S12 ^ 0) transistor, Ti n is affected by r out and vice 
versa, so the input and output sections must be matched simultaneously. Using (12.36) in 
(12.3) gives the necessary equations: 

r£ = S U + ^g^, (12.38a) 

rt = S 22+ ^±. (12.38b) 
1 - 011I s 

We can solve for T$ by first rewriting these equations as follows: 

r — c* _i_ 12 J 21 
s 11 ' i/r* c* ' 
1/1 L - i> 22 

= s 22 - Ar 5 
L l-SniV 

where A = S11S22 — SnSll' Substituting the expression for T£ into the expression for T$ 
and expanding gives 

r s (i - |5 22 | 2 ) + r 2 (A5 2 * 2 - s n ) = r s (AS* n s* 2 - \s n \ 2 - as^s^) 

+ S* n (l -|5 22 | 2 ) + ^5*! 5 22 . 
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Using the result that A(5* 1 5| 2 — SJ^S^) = | A| 2 allows this to be rewritten as a quadratic 
equation for IV 

(s u - as* 2 )f 2 s + (|A| 2 - |Sii| 2 + \s 22 \ 2 - i)r s + (s* n - a*s 22 ) = o. (12.39) 

The solution is 



Bi± JZ? 1 2 -4|C 1 | 2 
T 5 = y — . (12.40a) 



Similarly, the solution for Fl can be written as 



B 2 ±^B\-\\Ctf 



r L = ^ • (12.40b) 

The variables B\,C\, B 2 , C 2 are defined as 

Bi = l + |5n| 2 -|S 22 | 2 -|A| 2 , (12.41a) 

B 2 = l + |5 22 | 2 -|5ii| 2 -|A| 2 , (12.41b) 

Ci = 5n - A5| 2 , (12.41c) 

C 2 = 5 22 — A5*j. (12.41d) 

Solutions to (12.40) are only possible if the quantity within the square root is positive, and 
it can be shown that this is equivalent to requiring K > 1. Thus, unconditionally stable 
devices can always be conjugately matched for maximum gain, and potentially unstable 
devices can be conjugately matched if K > 1 and | A| < 1. The results are much simpler 
for the unilateral case. When 5i 2 = 0, (12.38) shows that T s — S* y and T L — 5| 2 , and 
then maximum transducer gain of (12.37) reduces to 

G ^ = i^ |52i|2 i^kr (12 - 42) 

The maximum transducer power gain given by (12.37) occurs when the source and load are 
conjugately matched to the transistor, as given by the conditions of (12.36). If the transistor 
is unconditionally stable, so that K > 1, the maximum transducer power gain of (12.37) 
can be simply rewritten as follows: 



I fell 

|Sl2l 



(K - jK 2 - 1). (12.43) 



This result can be obtained by substituting (12.40) and (12.41) for F s and T L into (12.37) 
and simplifying. The maximum transducer power gain is also sometimes referred to as the 
matched gain. The maximum gain does not provide a meaningful result if the device is only 
conditionally stable since simultaneous conjugate matching of the source and load is not 
possible if K < 1 (see Problem 12.8). In this case a useful figure of merit is the maximum 
stable gain, defined as the maximum transducer power gain of (12.43) with K — 1. Thus, 

G msg = j^}. (12.44) 

1*12 1 



The maximum stable gain is easy to compute and offers a convenient way to compare the 
gain of various devices under stable operating conditions. 
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EXAMPLE 12.3 CONJUGATELY MATCHED AMPLIFIER DESIGN 

Design an amplifier for maximum gain at 4 GHz using single-stub matching sec- 
tions. Calculate and plot the input return loss and the gain from 3 to 5 GHz. The 
transistor is a GaAs MESFET with the following scattering parameters (Zq = 
50 £2): 



/(GHz) S n S n 5 2 i S 22 

3.0 0.80/-89° 0.03/56° 2.86/99° 0.76/-41° 

4.0 0.72/-116 0 0.03/57° 2.60/76° 0.73/-54° 

5.0 0.66/-142° 0.03/62° 2.39/54° 0.72/-68° 

Solution 

In practice, scattering parameters are usually provided by the manufacturer over 
a wide frequency range, and it is prudent to check stability over the entire range. 
Here we have limited the data to three frequencies to illustrate the point with- 
out undue computational burden. Using (12.28) and (12.29) to calculate K and 
A from the scattering parameters at each frequency in the above table gives the 
following results: 



/(GHz) K A 

3.0 0.77 0.592 

4.0 1.19 0.487 

5.0 1.53 0.418 



We see that K > 1 and | A | < 1 at 4 and 5 GHz, so the transistor is unconditionally 
stable at these frequencies, but it is only conditionally stable at 3 GHz. We can 
proceed with the design at 4 GHz, but should check stability at 3 GHz after we 
find the matching networks (which determine F$ and Fi). 

For maximum gain, we should design the matching sections for a conjugate 
match to the transistor. Thus, V s — Vf n and V L — T* ut , and r s ,V L can be deter- 
mined from (12.40): 



Bi± jBf-4\d\ 2 

r s = " = 0.872/123°, 

2Ct 



b 2 ±JbI-a\c 2 \ 2 

r L = " = 0.876/61°. 

2C 2 

The effective gain factors of (12.16) can be calculated as 

G s = — ^ = 4.17 = 6.20 dB, 

1-|F 5 | 2 

G 0 = |S 2 i| 2 = 6.76 = 8.30 dB, 

G L = 1 - |FlI . = 1.67 = 2.22 dB. 

|i-5 22 r L | 2 
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Then the overall transducer gain is 

Gr max = 6.20 + 8.30 + 2.22 = 16.7 dB. 

The matching networks can easily be determined using the Smith chart. For 
the input matching section, first plot T$, as shown in Figure 12.7a. The impedance, 
Z$, represented by this reflection coefficient is the impedance seen looking into 
the matching section toward the source impedance, Zq. Thus, the matching sec- 
tion must transform Zq to the impedance Z$- There are several ways of doing 
this, but we will use an open-circuited shunt stub followed by a length of line. We 
convert to the normalized admittance y s , and work backward (toward the load on 
the Smith chart) to find that a line of length 0. 120A will bring us to the 1 + j b cir- 
cle. Then we see that the required stub admittance is + y'3.5, for an open-circuited 
stub length of 0.206A. A similar procedure gives a line length of 0.206 A and a 
stub length of 0.206A. for the output matching circuit. 

The final amplifier circuit is shown in Figure 12.7b. This circuit only shows 
the RF components; the amplifier will also require bias circuitry. The return loss 
and gain were calculated using a CAD package, interpolating the necessary 




(a) 

FIGURE 12.7 Circuit design and frequency response for the transistor amplifier of Example 12.3. 
(a) Smith chart for the design of the input matching network. 
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FIGURE 12.7 Continued, (b) RF circuit, (c) Frequency response. 



5.0 



scattering parameters from the data given above. The results are plotted in Figure 
12.7c, and show the expected gain of 16.7 dB at 4 GHz, with a very good return 
loss. The bandwidth where the gain drops by 1 dB is about 2.5%. 

With regard to the potential instability at 3 GHz, we leave it to the reader 
to show that the designed matching sections present source and load impedances 
that lie within the stable regions of the appropriate stability circles. Note that 
the matching sections are frequency dependent, so the impedances and reflec- 
tion coefficients are different at 3 GHz than their design values at 4 GHz. The 
fact that CAD simulation did not show any indication of instability over the fre- 
quency range of 3-5 GHz is evidence that the circuit is stable over this frequency 
range. ■ 



Constant-Gain Circles and Design for Specifie Gain 

In many cases it is preferable to design for less than the maximum obtainable gain, to 
improve bandwidth or to obtain a specific value of amplifier gain. This can be done by 
designing the input and output matching sections to have less than maximum gains; in 
other words, mismatches are purposely introduced to reduce the overall gain. The de- 
sign procedure is facilitated by plotting constant-gain circles on the Smith chart to rep- 
resent loci of r$ and Tl that give fixed values of gain (Gs and Gl). To simplify our 
discussion, we will only treat the case of a unilateral device; the more general case of a 
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bilateral device must sometimes be considered in practice, and is discussed in detail in 
references [1-2]. 

For many transistors |5i2| is small enough to be ignored, and the device can be as- 
sumed to be unilateral. This greatly simplifies the design procedure. The error in the trans- 
ducer gain caused by approximating |5i2| as zero is given by the ratio Gt/Gju- It can be 
shown that this ratio is bounded by 

1 G T 1 

n < — < (12.45) 

(1 + t/) 2 G TU (l-U) 2 ' 

where U is defined as the unilateral figure of merit, 

TJ IS12P21P11P22I M AZ\ 

l/ =(l-|S 11 |2)(l_| &2 |2)- < 12 - 46 > 

Usually an error of a few tenths of a dB or less justifies the unilateral assumption. 

The expression for Gs and Gl for the unilateral case are given by (12.17a) and 
(12.17c): 



i-5 u r s | 2 ' 

i-ir L | 2 
L |i-5 22 r L | 2 - 

These gains are maximized when Y$ — S*j and = S| 2 > resulting in the maximum val- 
ues given by 

G Snm = : h ,, , (12.47a) 



1 — p ' 
1 

1-|5 22 | 2 ' 



Gw = : I ,, ■ d2.47b) 



Define normalized gain factors gs and gL as 



gs = ^ = ^4-M -\Sn\ 2 ), (12.48a) 



G Smax |i-5 n r 5 | 2 

G L l-|r L | 2 , 9N 
8L = — = - (1 — |5 22 | )■ (12.48b) 

G Lmax |i-5 22 r L | 2 ^ > 



Then we have that 0 < gs < 1 and 0 < gL < 1. 

For fixed values of gs and gL, (12.48) represents circles in the Fs or Vl plane. To 
show this, consider (12.48a), which can be expanded to give 

ss|i-Siir s | 2 = (i-|r s | 2 )(i-|Sn| 2 ), 

(gs\Su\ 2 + 1 - |5n| 2 )|r s | 2 - gs(SnT s + S* n F* s ) = 1 - |5n| 2 - gs, 

„ g S (Snr s + S* n r*) = i-\Sn\ 2 - 8S 
S s 1 - (1 - gs)\Sn\ 2 l-(l-gs)\Sn\ 2 ' 
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Now add (^||5n | 2 ) / [l — (1 — gs)|Sii | 2 ] 2 to both sides to complete the square: 



8sS* n 



1 - (1 - gs)\Sn\ 2 
Simplifying gives 

r« 



(1 - \S n | 2 - gs) [1 - (1 - 8s)\Su\ 2 ] + gfljiil 
[l - (I - 8 s)\Sn\ 2 f 



I - (I - gs)\Sn\ 2 



yr^li-i^ni 2 ) 

l-(l-^)|5n| 2 



which is the equation of a circle with its center and radius given by 

Cs 



Rs = 



l-(l-*s)|Siil 2 ' 

vr^(i-|5iii 2 ) 



1 - (1 - gs)\Sn\ 2 ' 
The results for the constant gain circles of the output section can be shown to be 



C L = 



Rl = 



g L S, 



22 



1-(1-8l)\S 2 2\ 2 ' 
x/T^gZ(l-|S 22 | 2 ) 
1-(1-8l)\S 2 2\ 2 ' 



(12.50) 

(12.51a) 
(12.51b) 

(12.52a) 
(12.52b) 




The centers of each family of circles lie along straight lines given by the angle of S^ or 5| 2 . 
Note that when 8s ( or 8l) — 1 (maximum gain), the radius R$ (or Rl) — 0, and the center 
reduces to 5*j (or 5| 2 ). as expected. In addition, it can be shown that the 0 dB gain circles 
(Gs — 1 or Gl = 1) will always pass through the center of the Smith chart. These results 
can be used to plot a family of circles of constant gain for the input and output sections. 
Then Ys and Tl can be chosen along these circles to provide the desired gains. The choices 
for and Fi are not unique, but it makes sense to choose points close to the center of 
the Smith chart to minimize mismatch, and thus maximize bandwidth. Alternatively, as 
we will see in the next section, the input network mismatch can be chosen to provide a 
low-noise design. 



EXAMPLE 12.4 AMPLIFIER DESIGN FOR SPECIFIED GAIN 

Design an amplifier to have a gain of 1 1 dB at 4.0 GHz. Plot constant-gain circles 
for Gs — 2 and 3 dB, and Gl — 0 and 1 dB. Calculate and plot the input return 
loss and overall amplifier gain from 3 to 5 GHz. The transistor has the following 
scattering parameters (Zq = 50 £2): 



/(GHz) S n S U S21 S 22 

3 0.80/-90 0 0 2.8/100° 0.66Z-50 0 

4 0.75/-120 0 0 2.5 / 80° 0.60/-70 0 

5 0.71 /-140° 0 2.3/60° 0.58/-85° 

Solution 

Since Sn — 0 and \Sn\ < 1 and IS22I < 1> the transistor is unilateral and uncon- 
ditionally stable at each frequency in the above table. From (12.47) we calculate 
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the maximum matching section gains as 

G s = 

Omax 



l 



1-ISnl 2 

1 



2.29 = 3.6 dB, 
1.56 = 1.9 dB. 



1 - |S 22 I 2 

The gain of the mismatched transistor is 

G 0 = |S 2 i| 2 = 6-25 = 8.0 dB, 

so the maximum unilateral transducer gain is 

G rt/max = 3.6 + 1.9 + 8.0 = 13.5 dB. 

We therefore have 2.5 dB more available gain than is required by the specifica- 
tions. 

Next, use (12.48), (12.51), and (12.52) to calculate the following data for the 




(a) 

FIGURE 12.8 Circuit design and frequency response for the transistor amplifier of Example 12.4. 
(a) Constant-gain circles. 
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FIGURE 12.8 Continued, (b) RF circuit, (c) Transducer gain and return loss. 



5.0 



constant-gain circles: 



G s = 3 dB 
G s = 2 dB 
G L = 1 dB 
G L = 0 dB 



g5 = 0.875 
= 0.691 
8L = 0.806 
g L = 0.640 



C s = 0.706/120° 
C s = 0.627 Z 120° 
C L = 0.520/70° 
C L = 0.440/70° 



R s = 0.166 
R s = 0.294 
R L - 0.303 
/?t = 0.440 



The constant-gain circles are shown in Figure 12.8a. We choose Gs — 2 dB and 
Gl = 1 dB, for an overall amplifier gain of 11 dB. Then we select T$ and 
along these circles as shown, to minimize the distance from the center of the 
chart (this places T$ and Vl along the radial lines at 120° and 70°, respectively). 
Thus, T 5 = 0.33/120° and r L = 0.22/70°, and the matching networks can be 
designed using shunt stubs as in Example 12.3. 

The final amplifier circuit is shown in Figure 12.8b. The response was cal- 
culated using CAD software, with interpolation of the given scattering parameter 
data. The results are shown in Figure 12.8c, where it is seen the desired gain 
of 1 1 dB is achieved at 4.0 GHz. The bandwidth over which the gain varies by 
±1 dB or less is about 25%, which is considerably better than the bandwidth of 
the maximum gain design in Example 12.3. The return loss, however, is not very 
good, being only about 5 dB at the design frequency. This is due to the deliberate 
mismatch introduced into the matching sections to achieve the specified gain. ■ 
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Low-Noise Amplifie Design 

Besides stability and gain, another important design consideration for a microwave am- 
plifier is its noise figure. In receiver applications especially it is often required to have a 
preamplifier with as low a noise figure as possible since, as we saw in Chapter 10, the first 
stage of a receiver front end has the dominant effect on the noise performance of the over- 
all system. Generally it is not possible to obtain both minimum noise figure and maximum 
gain for an amplifier, so some sort of compromise must be made. This can be done by 
using constant-gain circles and circles of constant noise figure to select a usable trade-off 
between noise figure and gain. Here we will derive the equations for constant-noise figure 
circles and show how they are used in transistor amplifier design. 

As shown in references [1] and [2], the noise figure of a two-port amplifier can be 
expressed as 

F = F min +^\Y s -Y opt \ 2 , (12.53) 
Gs 

where the following definitions apply: 

Ys — Gs + jB$ — source admittance presented to transistor. 
F opt = optimum source admittance that results in minimum noise figure. 
F m i n — minimum noise figure of transistor, attained when Yg — T opt . 
Rn — equivalent noise resistance of transistor. 
Gs — real part of source admittance. 

Instead of the admittance Ys and Y opt , we can use the reflection coefficients Ys and r opt , 
where 

1 i-r s 

Ys = ziTTr? ,12 ' 54a) 
i i - r opt 

Y op t=— t— (12.54b) 

^0 1 + I opt 

r$ is the source reflection coefficient defined in Figure 12.1. The quantities F m { n , r opt , 
and Rn are characteristics of the particular transistor being used, and are called the noise 
parameters of the device; they may be given by the manufacturer or measured. 

Using (12.54), we can express the quantity \Y$ — Y opX \ 2 m terms of Ts and r opt : 

|rs " y ° pt|2 = ^^T^' (12 ' 55) 

In addition, 

i (\ - y s i - r*\ i i - |r s p 

Using these results in (12.53) gives the noise figure as 

t - i'mm + ~^-T, |r [jUj T r 12' (12.57) 

z o (i - |r s | z )|i + r opt | z 

For a fixed noise figure F we can show that this result defines a circle in the Ys plane. 
First define the noise figure parameter, N, as 
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which is a constant for a given noise figure and set of noise parameters. Then rewrite 
(12.58) as 

(r 5 -r opt )(r*-r* pt ) = jv(i-|r s | 2 ), 
r s r* - (r s r* pt + r|r opt ) + r opt r* pt = n- n\f s \\ 
(r 5 r* pt + F*r opt ) = jy-|r opt | 2 

N+l N + l 

Add \r opt \ 2 /(N + l) 2 to both sides to complete the square to obtain 

r„ 



r 5 r* 



r - opt 



JV(jv + i-|r opt | 2 ) 



(N+l) 



(12.59) 



This result defines circles of constant noise figure with centers at 



C F = —^-, (12.60a) 
N + l 



and radii of 



(JV + i-|r opt | 2 ) 




R F = . (12.60b) 

N + l 



EXAMPLE 12.5 LOW-NOISE AMPLIFIER DESIGN 

A GaAs MESFET is biased for minimum noise figure, with the following scat- 
tering parameters and noise parameters at 4 GHz (Zo = 50 £2): Su = 0.6/— 60°, 
S l2 = 0.05/26°, S 2 i = 1.9/81°, S 22 = 0.5/-60°, F min = l.6 dB, r opt = 
0.62/100°, and Rn — 20 £1 For design purposes, assume the device is unilat- 
eral, and calculate the maximum error in Gj resulting from this assumption. Then 
design an amplifier having a 2.0 dB noise figure with the maximum gain that is 
compatible with this noise figure. 

Solution 

We first calculate that K — 2.78 and A = 0.37, so the device is unconditionally 
stable even without the approximation of a unilateral device. Next, compute the 
unilateral figure of merit from (12.46): 

U = |5l2M ^ 221 = 0059 

(i-is„p)(i-is 22 p) au ' y - 

From (12.45) the ratio Gj/Gtu is bounded as 

1 G T 1 

< < 



(l + U) 2 G TU (l-U) 2 ' 
or 

0.891 < — — < 1.130. 
Gtu 

In dB, this is 



-0.50 < G T - G w < 0.53 dB, 
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where Gj and Gju are now in dB. Thus, we should expect less than about 
±0.5 dB error in gain. 

Now use (12.58) and (12.60) to compute the center and radius of the 2dB 
noise figure circle: 

F - F min , 1.58 - 1.445 , n7 

_ mm ,2 = II +0.62/100° I 2 

4R N /Z Q 1 ° ptl 4(20/50) 1 1 
= 0.0986, 

C F = J^PL = 0.56/100°, 
N + 1 

jv(jv+i-|r opt | 2 ) 

R F = = 0.24. 

N+l 

This noise figure circle is plotted in Figure 12.9a. Minimum noise figure (F m i n — 
1.6 dB) occurs for Y s = r opt = 0.62/100°. 

Next we calculate data for several input section constant-gain circles. From 
(12.51), we have the following results: 



G S (dB) 


8S 


Cs 




1.0 


0.805 


0.52/60° 


0.300 


1.5 


0.904 


0.56/60° 


0.205 


1.7 


0.946 


0.58/60° 


0.150 



These circles are plotted in Figure 12.9a. We see that the Gs — 1.7 dB gain circle 
just intersects the F — 2 dB noise figure circle, and that any higher gain will 
result in a worse noise figure. From the Smith chart the optimum solution is F$ — 
0.53/75°, yielding G s = 1.7 dB and F = 2.0 dB. 

For the output section we choose Tl — S| 2 = 0.5/60° for a maximum Gl of 

G L = = = 1.33 = 1.25 dB. 

1 - |5 22 | 2 

The transistor gain is 

G 0 = |S 2 i| 2 = 3.61 =5.58 dB, 

so the overall transducer gain will be 

G TU = G s + Go + G L = 8.53 dB. 

A complete AC circuit for the amplifier, using open-circuited shunt stubs in the 
matching sections, is shown in Figure 12.9b. A computer analysis of the circuit 
gives a gain of 8.36 dB. ■ 



Low-Noise MOSFET Amplifie 

MOSFETs have a relatively low AC input resistance, making them difficult to impedance 
match. An external series resistance can be added to the gate, but this approach increases 
noise power and degrades efficiency. By using a series inductor at the source of a MOSFET, 
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FIGURE 12.9 Circuit design for the transistor amplifier of Example 12.5. (a) Constant-gain and 
constant-noise figure circles, (b) RF circuit. 



however, it is possible to create a resistive input impedance without adding noisy resistors. 
This technique is called inductive source degeneration; similar methods can be used with 
MESFETs and other transistors. The conceptual circuit is shown in Figure 12.10a, where 
the inductor L s is placed in series with the source of the device. 

The equivalent circuit of the amplifier is shown in Figure 12.10b, where we have 
simplified the model by assuming the transistor is unilateral, and that /?,-, Rd s , and Cds 
can be ignored. For an input current / at the gate of the transistor, the capacitor voltage is 
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(a) (b) 
FIGURE 12.10 Low-noise MOSFET amplifier, (a) Basic AC circuit, (b) Equivalent circuit using 



a simplified unilateral FET model. 



V c — I/jcoCg S . The gate voltage, relative to ground, is then 

V = -— - + jcoL s (I + g m V c ) 
jcoC gs 

1 



= I [— l — + jcoL s + ^ ) 



The input impedance at the gate is 



z V ^ + / _ 1 \ 




showing that the circuit has produced an input resistance of g m L s / C gs . The series inductor, 
L s , can be chosen to match the input resistance of the amplifier to a source impedance, Zn. 
The inductor at the gate, L g , can then be chosen to cancel the residual input reactance, 
which is usually capacitive. The combination of the series matching inductor, the gate 
capacitance, and the effective input resistance forms a series RLC resonator. The Q of this 
resonator is 

Q = a ^h£ll, ( i2.63) 

8mL s 

The bandwidth of this circuit may be relatively narrow if this Q is high. 



EXAMPLE 12.6 LOW-NOISE MOSFET AMPLIFIER DESIGN 

An Infineon BF1005 n-channel MOSFET transistor having C gs =2.1 pF and 
g m — 24 mS is used in a 900 MHz low-noise amplifier with inductive source 
degeneration, as shown in Figure 12.10. Determine the source and gate induc- 
tors, and estimate the bandwidth of the amplifier. Assume a source impedance of 
Z Q = 50 Q. 

Solution 

From (12.62), matching the input resistance to Zq determines the source inductor 
as 

Z 0 C„ S (50)(2.1 x 10" 12 ) 

L = = K — ^ '- = 4.37 nH. 

* m 0.024 
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The net reactance at the input is jX — ji coL s — 



coC 



1 



) 



= -y'59.5 Q, so the 



required series inductance for matching is 
-X 59.5 




co 2tt(900 x 10 6 ) 



- 10.5 nH. 



From (12.63) we can estimate the Q as 



Q = 




= 1.2, 



so the bandwidth of the amplifier could be as high as 80%. This value is probably 
higher than what would be obtained in practice, due to the approximations that 



BROADBAND TRANSISTOR AMPLIFIER DESIGN 

The ideal amplifier would have constant gain and good input matching over the desired 
frequency bandwidth. As the examples of the last section have shown, conjugate match- 
ing will give maximum gain only over a relatively narrow bandwidth, while designing for 
less than maximum gain will improve the gain bandwidth, but the input and output ports 
of the amplifier will be poorly matched. These problems are primarily a result of the fact 
that microwave transistors typically are not well matched to 50 £2, and large impedance 
mismatches are governed by the Bode-Fano gain-bandwidth criterion discussed in Chap- 
ter 5. Another consideration, as shown earlier in this chapter, is that IS21I decreases with 
frequency at the rate of 6 dB/octave. For these reasons, special consideration must be given 
to the problem of designing broadband amplifiers. Some of the common approaches to this 
problem are listed below; note in each case that an improvement in bandwidth is achieved 
only at the expense of gain, complexity, or similar factors. 

• Compensated matching networks: Input and output matching sections can be de- 
signed to compensate for the gain rolloff in IS21I, but generally at the expense of the 
input and output matching. 

• Resistive matching networks: Good input and output matching can be obtained by 
using resistive matching networks, with a corresponding loss in gain and increase 
in noise figure. 

• Negative feedback: Negative feedback can be used to flatten the gain response of 
the transistor, improve the input and output match, and improve the stability of the 
device. Amplifier bandwidths in excess of a decade are possible with this method, 
at the expense of gain and noise figure. 

• Balanced amplifiers: Two amplifiers having 90° couplers at their input and output 
can provide good matching over an octave bandwidth, or more. The gain is equal to 
that of a single amplifier, however, and the design requires two transistors and twice 
the DC power. 

• Distributed amplifiers: Several transistors are cascaded together along a transmis- 
sion line, giving good gain, matching, and noise figure over a wide bandwidth. The 
circuit is large, and does not give as much gain as a cascade amplifier with the same 
number of stages. 

• Differential amplifiers: Driving two devices in a differential mode, with input sig- 
nals of opposite polarity, results in an effective series connection of device capac- 
itance, thus roughly doubling fj. Differential amplifiers can also provide a larger 
output voltage swing than a single device, and common mode noise rejection. 



have been made in our analysis. 



12.4 
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5 12.11 A balanced amplifier using 90° hybrid couplers. 



Below we discuss in detail the operation of balanced, differential, and distributed 
amplifiers. 

Balanced Amplifie s 

As we saw in Example 12.4, a fairly flat gain response can be obtained if the amplifier is 
designed for less than maximum gain, but the input and output matching will be poor. The 
balanced amplifier circuit solves this problem by using two 90° couplers to cancel input and 
output reflections from two identical amplifiers. The basic circuit of a balanced amplifier 
is shown in Figure 12.11. The first 90° hybrid coupler divides the input signal into two 
equal-amplitude components, with a 90° phase difference, which drive the two amplifiers. 
The second coupler recombines the amplifier outputs. Because of the phasing properties of 
the hybrid coupler, reflections from the amplifier inputs cancel at the input to the hybrid, 
resulting in an improved impedance match; a similar effect occurs at the output of the 
balanced amplifier. The gain bandwidth is not improved over that of the single amplifier 
sections. This type of circuit is more complex than a single-stage amplifier since it requires 
two hybrid couplers and two separate amplifier sections, but it has a number of interesting 
advantages: 

• The individual amplifier stages can be optimized for gain flatness or noise figure, 
without concern for input and output matching. 

• Reflections are absorbed in the coupler terminations, improving input/output match- 
ing, as well as the stability of the individual amplifiers. 

• The circuit provides a graceful degradation of a 6 dB loss in gain if a single amplifier 
section fails. 

• Bandwidth can be an octave or more, primarily limited by the bandwidth of the 
couplers. 

In practice, balanced MMIC amplifiers often use Lange couplers, which are broadband and 
very compact, but quadrature hybrids and Wilkinson power dividers (with an extra 90° line 
on one arm) can also be used. 

If we assume ideal hybrid couplers, then, with reference to Figure 12.1 1, the voltages 
incident at the amplifiers can be written as 

Vti = ^K> d2.64a) 
Vti = ^K, (12.64b) 
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where V+ is the incident input voltage. The output voltage can be found as 

y 2 ~ = ^jfti + ^fti = ^= G ^ + i + ^ G ^bi = (Ga + Gb), (12.65) 

where Ga and Gb are the voltage gains of the amplifiers. Then we can write S21 as 

S21 — = (Ga + Gb), (12.66) 
1 2 

which shows that the overall gain of the balanced amplifier is the average of the individual 
amplifier voltage gains. 

The total reflected voltage at the input can be expressed as 

V l~ = ^fll + ^fsi = -jf* V A\ + ^Jf BV Bl = \ V l " r B ). (12.67) 

Then we can write S\\ as 

S11 = % = \ (Ta - r B ). (12.68) 

If the amplifiers are identical, then G a — Gb and Y a — Fg, and (12.68) shows that S\\ — 
0, and (12.66) shows that the gain of the balanced amplifier will be the same as the gain of 
an individual amplifier. If one amplifier fails, the overall gain will drop by 6 dB, with the 
remaining power lost in the coupler terminations. It can also be shown that the noise figure 
of the balanced amplifier is F — (Fa + Fb)/2, where Fa and Fb are the noise figures of 
the individual amplifiers. 



EXAMPLE 12.7 PERFORMANCE AND OPTIMIZATION OF A BALANCED 
AMPLIFIER 

Use the amplifier of Example 12.4 in a balanced configuration operating from 3 
to 5 GHz. Use quadrature hybrids, and plot the gain and return loss over this fre- 
quency range. Using microwave CAD software, optimize the amplifier matching 
networks to give 10 dB gain over this band. 

Solution 

The amplifier of Example 12.4 was designed for a gain of 1 1 dB at 4 GHz. As seen 
from Figure 12.8c, the gain varies by a few dB from 3 to 5 GHz, and the return 
loss is no better than 5 dB. We can design a quadrature hybrid, according to the 
discussion in Chapter 7, to have a center frequency of 4 GHz. Then the balanced 
amplifier configuration of Figure 12.1 1 can be modeled using a microwave CAD 
package, with the results shown in Figure 12.12. Note the dramatic improvement 
in return loss over the band as compared with the result for the original amplifier 
in Figure 12.8c. The input matching is best at 4 GHz since this was the design 
frequency of the coupler; a coupler with better bandwidth will give improved 
results at the band edges. Also observe that the gain at 4 GHz is still 11 dB, and 
that it drops by a few dB at the band edges. 

Most modern microwave CAD software packages have an optimization fea- 
ture with which a small set of design variables can be adjusted to optimize a 
particular performance variable. In the present example, we will reduce the gain 
specification to 10 dB, and allow the CAD software to adjust the four transmission 
line stub and line lengths in the amplifier circuit of Figure 12.8b to give the best 
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FIGURE 12.12 Gain and return loss, before and after optimization, for the balanced amplifier of 
Example 12.7. 



fit to this gain over the frequency range 3-5 GHz. Both amplifiers in the balanced 
circuit remain identical, so we should still see the improved input matching. 

The results of this optimization are shown in Figure 12.12, where it can be 
seen that the gain response is much flatter over the operating band. The input 
match is still very good in the vicinity of the center frequency, with a slightly 
worse result at the low-frequency end. The optimized stub and line lengths for the 
amplifier matching networks are listed below: 



Matching Network Before After 

Parameter Optimization Optimization 

Input section stub length 0. 100A. 0. 109A. 

Input section line length 0.179A. 0.113A. 

Output section line length 0.045A. 0. 134A. 

Output section stub length 0.432A 0.46U 

These represent fairly small deviations from the lengths in the original matching 

networks. ■ 



Distributed Amplifie s 

The concept of the distributed amplifier dates back to the 1940s, when it was used in the de- 
sign of broadband vacuum tube amplifiers. With recent advances in microwave integrated 
circuit and device processing technology, the distributed amplifier has found new applica- 
tions in broadband microwave amplifiers. Bandwidths in excess of a decade are possible, 
with good input and output matching. Distributed amplifiers are not capable of very high 
gains or very low noise figure, however, and generally are larger than an amplifier having 
comparable gain over a narrower bandwidth. 

The basic configuration of a microwave distributed amplifier is shown in Figure 12.13. 
A cascade of N identical FETs have their gates connected to a transmission line having a 
characteristic impedance Z g , with a spacing of while the drains are connected to a 
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FIGURE 12.13 Configuration of an yV-stage distributed amplifier. 



transmission line of characteristic impedance Zj, with a spacing Id- The operation of the 
distributed amplifier is very similar to that of the multihole waveguide coupler discussed 
in Section 7.4. The input signal propagates down the gate line, with each FET tapping 
off some of the input power. The amplified output signals from the FETs form a traveling 
wave on the drain line. The propagation constants and lengths of the gate and drain lines 
are chosen for constructive phasing of the output signals, and the termination impedances 
on the lines serve to absorb waves traveling in the reverse directions. The gate and drain 
capacitances of the FET effectively become part of the gate and drain transmission lines, 
while the gate and drain resistances introduce loss on these lines. This type of circuit is 
also known as a traveling wave amplifier. 

Here we will analyze the distributed amplifier in terms of the loaded gate and drain 
transmission lines [8], although it is also possible to apply the concept of image parameters 
[9], or to simply model using CAD software. An analytical treatment has the advantage of 
illustrating the underlying principles of operation of the amplifier, while the numerical 
CAD approach is recommended for better accuracy and optimization capabilities. 

The first step in the analysis of the distributed amplifier is to employ the unilateral 
(C g d — 0) version of the FET equivalent circuit to decompose the circuit of Figure 12.13 
into separate loaded transmission lines for the gate and drain terminals. These are shown in 
Figures 12. 14 and 12. 15. The gate and drain transmission lines are typically microstrip; the 
ground conductors are not shown in Figure 12.13, but they are in Figures 12.14 and 12.15. 




Unit cell 

(a) 




(b) 



FIGURE 12.14 (a) Transmission line circuit for the gate line of the distributed amplifier; 
(b) equivalent circuit of a single unit cell of the gate line. 
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FIGURE 12.15 (a) Transmission line circuit for the drain line of the distributed amplifier; 
(b) equivalent circuit of a single unit cell of the drain line. 



The gate and drain lines are isolated except for the coupling through the dependent current 
sources, where Id n — gmV cn , and are matched at both ends. Figures 12.14b and 12.15b 
show the equivalent circuits for a single unit cell from the gate and drain lines, respectively. 
L g and C g are the inductance and capacitance per unit length of the gate transmission line, 
while Rilg and C gs /l g represent the equivalent per-unit-length loading due to the FET 
input resistance Rj and gate-to-source capacitance C gs . Similar definitions apply to the 
quantities Ld, Cd, Rds^d, and Cds/t-d for the drain line. Thus we have taken the lumped 
loading of each FET and distributed its circuit parameters over the transmission lines of 
each unit cell. This approximation is generally valid when the electrical lengths of the unit 
cells are small. 

We can now use basic transmission line theory to find the effective characteristic 
impedance and propagation constants of the gate and drain lines. For the gate line, the 
series impedance and shunt admittance per unit length can be written as 

Z = jcoL g , (12.69a) 

Y = jcoC g + — 8 ' 8 . (12.69b) 

8 l + jcoRiC gs 

If we assume that loss can be neglected for the calculation of characteristic impedance, as 
discussed in Section 2.7, then we have 




Cg + Cgs/Zg 



(12.70) 



For the calculation of the propagation constant we retain the resistive term since this will 
lead to attenuation: 



y g =a g + j Pg = VZY = IjcoL, (j<oC g + \ 



1 + ja>RiC gs , 

If we assume small loss, so that a>RiC gs <C 1, then the above result can be simplified as 
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follows: 

Y g = a g + jp g = J-co 2 L g [C g + C gs (l - j(oRiC gs )/lg\ 



co Ri Cg S Zg 



+ jcojL g (C g + C gs /l g ). (12.71) 



2l g 

For the drain line, the series impedance and shunt admittance per unit length are 

Z = jcoLd, (12.72a) 

Y = — *— + jco(C d + C ds /£ d ). (12.72b) 

K ds l d 

The characteristic impedance of the drain line can be written as 



Z d = J-=J , (12.73) 

Vf ]jC d + C ds /l d ' 

and the propagation constant can be simplified using the small-loss approximation as 



Yd = oid + jPd = ^ZY = ^jcoL d 
~ Zd 



1 

+ jco(C d + Cd s /ld) 



2R ds l d 



Rddd 

+ jeoy/L d (C d + Cds/ld)- (12.74) 



For an incident input voltage, Vj, the voltage on the gate-to-source capacitance of the nth 
FET can be written as 

V cn = Vie-*- 1 *' 1 ' ( - - \ r ) , (12.75) 
\l + jcoRiC gs J 

for a phase reference at the first transistor. The factor in parentheses in (12.75) accounts 
for voltage division between Ri and C gs ; for typical FET parameters coRiC gs <C 1, so this 
factor can be approximated as unity over the bandwidth of the amplifier. The output current 
on the drain line can be found by recognizing that each current generator contributes waves 
of the form (— 1 /2)I dn e ±VdZ in each direction. Since I dn — g m V cn , the total output current 
at the Nth terminal of the drain line is 

Io = -\j2 ldne- (N - n)Yili = -^e-^e^'J^e-^'-y^l (12.76) 

n— 1 n—\ 

The terms in the summation will add in phase only when ft g i g — fi d £ d , so that the phase 
delays on the gate and drain lines are synchronized. There is also a backward traveling 
wave component on the drain line, but the individual contributions to this wave will not be 
in phase, and therefore they at least partially cancel; the residual will be absorbed in the 
termination Z d . Use of the summation formula 

n = l 

allows (12.76) to be simplified as follows: 

j _ g m Vi e Vild {e- NrA ~ e~ NYdid ) _ gm Vj - 

2 e -(Ygtg-Ydid) _ i 2 e -rgtg - e -YdZd 
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For matched input and output ports, the amplifier gain can be calculated as 
1 



G = 



Pout = 2 lI ° {2Zd = 8 2 m ZdZ g 

p - \\Vt\W 4 



-Nyglg _ P -Ny d ld 



-Y&1& 



(12.78) 




Applying the synchronization condition that /3 g l g — fid^d allows this result to be further 
simplified to 

glZ d Z„ ( e - Na * 1 * - e- Na " 1 ") 2 
4 { e ~ a s l s - e -<*dld)2 

If the losses are small, the denominator in (12.79) can be approximated as (a g £ g — a d i d ). 

Several interesting aspects of the distributed amplifier can be deduced from the gain 
expression of (12.79). For the ideal case of a lossless amplifier (a g — a d — 0), the gain 
reduces to 

g 2 m Z d Z g N 2 
G= 4 ' 

showing that gain increases as N 2 . This is in contrast to the gain of a cascade of N amplifier 
stages, which increases as (Go) N ■ When loss is present, (12.79) shows that the gain of a 
distributed amplifier approaches zero as N — > oo. This surprising behavior is explained 
by the fact that the input voltage on the gate line decays exponentially, so the FETs at the 
end of the amplifier receive no input signal; similarly, the amplified signals from the FETs 
near the beginning of the amplifier are attenuated along the drain line. The multiplicative 
increase in gain with N is not enough to compensate for an exponential decay for large N. 
This implies that, for a given set of transistor parameters, there will be an optimum value of 
N that maximizes the gain of a distributed amplifier. This can be found by differentiating 
(12.79) with respect to N and setting the result to zero to obtain 

_ Ma g i g /a d l d ) 
opt ~ a i - a*U ' ( } 

8 8 u-d^d 

This result depends on frequency, the device parameters, and the line lengths through the 
attenuation constants given in (12.71) and (12.74). 



EXAMPLE 12.8 DISTRIBUTED AMPLIFIER PERFORMANCE 

Use (12.79) to calculate the gain of a distributed amplifier from 1 to 18 GHz 
for N — 2,A, 8, and 16 stages. Assume Zd — Z g — Zq — 50 £1 and the follow- 
ing FET parameters: R, ■= 5 Q., R ds = 250 Q, C gs = 0.30 pF, and g m = 30 mS. 
Find the optimum value of N that will give maximum gain at 16 GHz. 

Solution 

We use (12.71) and (12.74) to evaluate the attenuation constants a g and aj, and 
then compute the gain versus frequency and N using (12.79). Note that the prod- 
ucts oigtg and adid are independent of l g and l d : 

a I = C ° 2RiC ^ Z ° 



adid = 



2 
Z 0 



2R ds 
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The results are shown in Figure 12.16. Observe that the gain drops off with fre- 
quency faster for larger N, and that at high frequencies the gain for N = 16 is less 
than the gain for smaller N. The optimum size for maximum gain at 16 GHz can 
be calculated using (12.80). At 16 GHz we have a g l g = 0. 100 and a d l d — 0.114. 
The optimum size is then 

= \n{a g l g /a d ld) = ln(0. 100/0. 114) _ 
opt a g i g -a d i d 0.100-0.114 

or about nine stages. Finally, note that coRjCgs — 0.17 at 18 GHz, justifying the 
approximation of unity for the voltage divider factor of (12.75). ■ 



Differential Amplifie s 

The amplifiers considered above are single-ended circuits, meaning that the input and out- 
put signals are referenced to a common ground. In contrast, a differential amplifier uses 
balanced inputs and outputs, meaning that there are two signal lines, with opposite po- 
larities, at each port. Figure 12.17 shows the symbols commonly used for single-ended 
and differential amplifiers. Differential circuits have several advantages over single-ended 




(a) 



(b) 



FIGURE 12.17 



(a) Single-ended amplifier, with symbols denoting unbalanced input and output 
lines, (b) Differential amplifier, having balanced input and output lines. 
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unbalanced < > balanced 



-o + unbalanced 
o 



balanced 

(a) (b) 
FIGURE 12.18 Balun circuits, (a) A transformer balun. (b) The Marchand balun. 



circuits, including cancellation of interference that is common to both signal lines. Such 
common mode interference is frequently a problem with sensitive receiver circuitry on 
highly integrated monolithic circuits, and for this reason many of the circuits used in mod- 
ern RFICs use differential topologies. Another advantage of differential amplifiers is that 
they can provide output voltage swings that are approximately double that obtained with 
a single-ended amplifier. A disadvantage of differential circuits is that they use roughly 
twice the device count as the single-ended equivalents, and more associated bias power. 

A differential amplifier can be constructed using two single-ended amplifiers and 180° 
hybrids at the input and output to split and then recombine the signals (similar to the bal- 
anced amplifier of Section 12.4 that used 90° hybrids). In this case the initial input and 
final output signals at the hybrids would be single ended (referenced to ground). Such am- 
plifiers are sometimes referred to as pseudo-differential [5], in contrast to fully differential 
amplifiers, which have balanced input and output signals. In general, a balun (balanced-to- 
unbalanced) circuit is used to transition from an unbalanced signal to a balanced signal (or 
vice versa). At low frequencies a simple transformer can be used as a balun, as shown in 
Figure 12.18a. At higher frequencies, a 180° hybrid coupler can be used as a balun, with 
the unbalanced port at the difference input port of the hybrid, and the two output ports 
providing the balanced port. Various types of coupled line circuits can also provide a balun 
function, with one of the most popular being the Marchand balun, shown in Figure 12.18b. 

Figure 12.19 shows the AC circuit of a differential amplifier using two FETs. The 
balanced input signal is applied to the gates of the devices, and the balanced output signal 
is formed across the drains. In practice, an additional transistor is often used at the device 





FIGURE 12.19 Differential amplifier circuit using two FETs. The source resistance R s may 
model a current source. 
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v?° — WA — i 



*!±c, © 



' R ds <. R D R D<. R d S • 



(a) 



I — AW— 



vr+o— v\AA — I 




© 



2R, 



I — AW— 



FIGURE 12.20 



(b) 

Equivalent circuits for the differential amplifier, (a) Equivalent circuit model for 
the differential (odd) mode, (b) Equivalent circuit model for the common (even) 
mode. 



sources to provide a current source; this is modeled by the resistor R s . Usually, the desired 
input to a differential amplifier consists of equal-amplitude signals with opposite polarities 
at the two gates, forming an odd-mode excitation. An interference signal, however, will 
usually appear as equal-amplitude signals with the same polarity at the inputs, forming an 
even-mode excitation. These modes are also referred to as the differential mode and the 
common mode, respectively. We can analyze the differential amplifier by decomposing an 
arbitrary input into the superposition of an odd mode and an even mode, similar to the 
analysis we used previously for the quadrature hybrid and other symmetric circuits. 

First consider differential (odd) mode excitation, which corresponds to the usual mode 
of operation for the amplifier. The equivalent circuit is shown in Figure 12.20a, where 
the unilateral FET model has been used. The input signals in this case are y + = Vi and 
Vf — — V,-; this antisymmetry establishes a zero potential at the midplane of the circuit, so 
there is a virtual ground at the sources, and the resistor R s can be removed. The voltages 
on the capacitors are 



V ± = 

v c 



±Vi 



1 + jcoRiCgs 



(12.81) 



and the output voltages on the drains are 



V ± = 



: RpRds 
Rd + Rds 



= TVi 



gm RpRds 



(l+jcoRiC gs )(R D + R ds ) 



(12.82) 
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The voltage gain for the differential (odd) mode is then 

V + — V~ —s,„RnR^, 

A d = \ — = g . (12.83) 

V+ - Vr (1 + jcoRi C ds ) (R D + R ds ) 

For the common (even) mode, the input signals are V ( . + = V ( ~ = Vj, and the equivalent 
circuit is as shown in Figure 12.20b. Due to the symmetry of the excitation, no current flows 
between the sources of the two devices, so the circuit can be bisected as shown, with the 
original resistor R s being split into two resistors of 2R S . The voltages on the capacitors 
are 

= . (12.84) 

\+jcoC gs {Ri+2R s ) 

The voltage across either current source is 

. R d s(RD+2R s ) 
Rds + Rd+ 2R s 

so the output voltages on the drains are 

± Rp RdsRD 

V o = p ~" , op = ~ ld 



R D + 2R S R ds + R D + 2R 



s 



SnMD 

[1 + jcoC gs (Ri + 2R S )] (R ds + R D + 2R s ) 



The voltage gain for the common (even) mode is then 

V? + V„- -gmRdsRD 



V+ + Vr [1 + jcoC gs (Ri + 2R S )] (R ds + R D + 2R S ) ' 



(12.86) 



The common mode rejection ratio (CMRR) of an amplifier is defined as the ratio of the 
differential voltage gain to the common mode voltage gain, and is a measure of how well a 
differential amplifier can provide cancellation of a common mode interference signal. For 
the differential amplifier considered here, the common mode rejection ratio is 

CMRR = rA = (Rds + R D + 2R ^ 1 + j<° c g* Cgj + 2R S ) 
A c (R ds + R D ) ' l+jcoC gs Ri 

^-R* \ ( \ , 2jcoC gs R s 



= 1 + 1 + — ^—). (12.87) 

V Rds + RD/ \ l + jcoC gs RiJ 

From this result we see that if R s =0we have CMRR = 1, which provides no common 
mode rejection. This is because the two circuits of Figure 12. 20 are identical when R s = 0. 
When R s — > oo, however (which is the case for an ideal current source feeding the FET 
sources), we have CMRR — > oo, providing cancellation of the common mode signal. 



POWER AMPLIFIERS 

Power amplifiers are used in the final stages of radar and radio transmitters to increase 
the radiated power level. Typical output powers may be on the order of 100-500 mW for 
mobile voice or data communications systems, or in the range of 1-100 W for radar or 
fixed point radio systems. Important considerations for RF and microwave power ampli- 
fiers are efficiency, gain, intermodulation distortion, and thermal effects. Single transistors 
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can provide output powers of 10-100 W at UHF frequencies, while devices at higher fre- 
quencies are generally limited to output powers less than 10 W. Various power-combining 
techniques can be used in conjunction with multiple transistors if higher output powers are 
required. 

So far we have considered only small-signal amplifiers, where the input signal power 
is low enough that the transistor can be assumed to operate as a linear device. The scattering 
parameters of linear devices are well defined and do not depend on the input power level 
or output load impedance, a fact that greatly simplifies the design of fixed-gain and low- 
noise amplifiers. For high input powers (e.g., in the range of the 1 dB compression point or 
third-order intercept point), transistors do not behave linearly. In this case the impedances 
seen at the input and output of the transistor will depend on the input power level, and this 
greatly complicates the design of power amplifiers. 

Characteristics of Power Amplifie s and Amplifie Classes 

The power amplifier is usually the primary consumer of DC power in most hand-held 
wireless devices, so amplifier efficiency is an important consideration. One measure of 
amplifier efficiency is the ratio of RF output power to DC input power: 




(12.88) 



This quantity is sometimes referred to as drain efficiency (or collector efficiency). One 
drawback of this definition is that it does not account for the RF power delivered at the 
input to the amplifier. Since most power amplifiers have relatively low gains, the efficiency 
of (12.88) tends to overrate the actual efficiency. A better measure that includes the effect 
of input power is the power added efficiency, defined as 



where G is the power gain of the amplifier. Silicon bipolar junction transistor amplifiers in 
the cellular telephone band of 800-900 MHz band have power added efficiencies on the 
order of 80%, but efficiency drops quickly with increasing frequency. Power amplifiers are 
often designed to provide the best efficiency, even if this means that the resulting gain is 
less than the maximum possible. 

Another useful parameter for power amplifiers is the compressed gain, G\, defined 
as the gain of the amplifier at the 1 dB compression point. Thus, if Go is the small-signal 
(linear) power gain, we have 



As we have seen in Chapter 10, nonlinearities can lead to the generation of spurious fre- 
quencies and intermodulation distortion. This can be a serious issue in wireless transmit- 
ters, especially in a multicarrier system, where spurious signals may appear in adjacent 
channels. Linearity is also critical for nonconstant envelope modulations, such as ampli- 
tude shift keying and higher order quadrature amplitude modulation methods. 

Class A amplifiers are inherently linear circuits, where the transistor is biased to con- 
duct over the entire range of the input signal cycle. Because of this, class A amplifiers have 
a theoretical maximum efficiency of 50%. Most small-signal and low-noise amplifiers op- 
erate as class A circuits. In contrast, the transistor in a class B amplifier is biased to conduct 
only during one-half of the input signal cycle. Usually two complementary transistors are 
operated in a class B push-pull amplifier to provide amplification over the entire cycle. 




(12.89) 



G i (dB) = Go(dB) - 1. 



(12.90) 
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The theoretical efficiency of a class B amplifier is 78%. Class C amplifiers are operated 
with the transistor near cutoff for more than half of the input signal cycle, and generally 
use a resonant circuit in the output stage to recover the fundamental. Class C amplifiers can 
achieve efficiencies near 100% but can only be used with constant envelope modulations. 
Higher classes, such as class D, E, F, and S, use the transistor as a switch to pump a highly 
resonant tank circuit, and may achieve very high efficiencies. The majority of communica- 
tions transmitters operating at UHF frequencies or above rely on class A, AB, or B power 
amplifiers because of the need for low distortion products. 

Large-Signal Characterization of Transistors 

A transistor behaves linearly for signal powers well below the 1 dB compression point 
(IPi dB), and so the small-signal scattering parameters should not depend on either the in- 
put power level or the output termination impedance. However, for power levels compara- 
ble to or greater than IPi where the nonlinearity of the transistor becomes apparent, the 
measured scattering parameters will depend on input power level and the output termina- 
tion impedance (as well as frequency, bias conditions, and temperature). Thus large-signal 
scattering parameters are not uniquely defined and do not satisfy linearity, and cannot be 
used in place of small-signal parameters. (For device stability calculations, however, small- 
signal scattering parameters can generally be used with good results.) 

A more useful way to characterize transistors under large-signal operating conditions 
is to measure the gain and output power as a function of source and load impedances. One 
way of doing this is to determine the large-signal source and load reflection coefficients, 
T$p and Tlp, (or impedances, Z$p and Zlp) that maximize power gain for a particular 
output power (often chosen as OPidBX an d versus frequency. Table 12.1 shows typical 
large-signal source and load reflection coefficients for an npn silicon bipolar power tran- 
sistor, along with the small-signal scattering parameters. 

Another way of characterizing the large-signal behavior of a transistor is to plot con- 
tours of constant power output on a Smith chart as a function of the load reflection coeffi- 
cient, Tlp, with the transistor conjugately matched at its input. These are called load-pull 
contours, and they can be obtained using an automated measurement set-up with computer- 
controlled electromechanical stub tuners. A typical set of load-pull contours is shown in 
Figure 12.21. Load-pull contours are similar in function to the constant-gain contours of 
Section 12.3, but are not perfect circles due to the nonlinearities of the device. 

Nonlinear equivalent circuit models can also be developed and used to predict the 
large-signal performance of FETs and BJTs [10]. The dominant nonlinear parameters for a 
microwave FET are C gs , g m , C g d, and Rd s - An important consideration in modeling large- 
signal transistors is the fact that most parameters are dependent on temperature, which of 
course increases with output power. Equivalent circuit models can be very useful when 
combined with computer-aided design software. 



TABLE 12.1 Small-Signal Scattering Parameters and Large-Signal Reflection Coefficients 
(Silicon Bipolar Junction Power Transistor) 



/(MHz) 


Su 


Su 




S22 




Fsp 




Tlp 


G (dB) 


800 


0.76 /176° 


4.10 /76° 


0.065 Z49° 


0.35 /- 


163° 


0.856 L- 


167° 


0.455 /129° 


13.5 


900 


0.76 /172° 


3.42 /72° 


0.073 Z52° 


0.35 /- 


167° 


0.747 L- 


177° 


0.478 /161° 


12.0 


1000 


0.76 /169° 


3.08 /69° 


0.079 /53° 


0.36 /- 


169° 


0.797 L- 


187° 


0.491 /185° 


10.0 
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Design of Class A Power Amplifie s 

In this section we will discuss the use of large-signal parameters for the design of class A 
amplifiers. Since class A amplifiers are ideally linear, it is sometimes possible to use small- 
signal scattering parameters for design, but better results are usually obtained if large- 
signal parameters are available. As with small-signal amplifier design, the first step is to 
check the stability of the device. Since instabilities begin at low signal levels, small-signal 
scattering parameters can be used for this purpose. Stability is especially important for 
power amplifiers, as high-power oscillations can easily damage active devices and related 
circuitry. 

The transistor should be chosen on the basis of frequency range and power output, 
ideally with about 20% more power capacity than is required by the design. Silicon bipolar 
transistors have higher power outputs than GaAs FETs at frequencies up to a few GHz, 
and are generally cheaper; GaN HBTs are becoming very popular for high-power applica- 
tions at RF and low microwave frequencies. Good thermal contact of the transistor package 
to a heat sink is essential for any amplifier with more than a few tenths of a watt power 
output. Input matching networks may be designed for maximum power transfer (conju- 
gate matching), while output matching networks are designed for maximum output power 
(as derived from Vlp). The optimum values of source and load reflection coefficients 
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are different from those obtained from small-signal scattering parameters via (12.40). 
Low-loss matching elements are important for good efficiency, particularly in the output 
stage, where currents are highest. Internally matched chip transistors are sometimes avail- 
able and have the advantage of reducing the effect of parasitic package reactances, thus im- 
proving efficiency and bandwidth. A photograph of a GaN power amplifier chip is shown in 
Figure 12.22. 



EXAMPLE 12.9 DESIGN OF A CLASS A POWER AMPLIFIER 

Design a power amplifier at 2.3 GHz using a Nitronex NPT25100 GaN HEMT 
transistor, with an output power of 10 W. The scattering parameters of the transis- 
tor for V DS = 28 V and I D = 600 mA are as follows: S n = 0.593 L 178°, S l2 = 
0.009 Z-127°, 5 2 i = 1.77/-106 0 , and S 2 2 = 0.958/175°, and the optimum large- 
signal source and load impedances are Z$p = 10 — y'3 £2 and Zip — 2.5 — 
y'2.3 £2. For an output power of 10 W, the power gain is 16.4 dB and the drain 
efficiency is 26%. Design input and output impedance matching sections for the 
transistor, and find the required input power, the required DC drain current, and 
the power added efficiency. 

Solution 

First establish the stability of the device. Using the small-signal scattering param- 
eters in (12.28) and (12.29) gives 

|A| = |5ii5 22 - 5 12 5 2 i| =0.579 < 1, 

^l-ISul'-lfel' + IAI* 
2IS12S21I 

showing that the device is unconditionally stable. 

Converting the large-signal source and load impedances to reflection coeffi- 
cients gives 



V SP = 0.668 L 187°, 
T LP =0.905Z-175°. 
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FIGURE 12.23 RF circuit for the amplifier of Example 12.9. 



For comparison, using the small-signal scattering parameters in (12.40) to find the 
source and load reflection coefficients for conjugate matching gives 

Bl±7B2_4| Cl |2 

r s = " = 0.508/166°, 

2C, 



B 2 ±Jb^-4\C 2 \ 2 

r L = - = 0.954/-176 0 . 

2C 2 

Note that these values are approximately equal to the large-signal values V$p 
and Tip, but not exactly, due to the fact that the scattering parameters used to 
calculate F$ and do not apply for large power levels. We should use the large- 
signal reflection coefficients to design the input and output matching networks. 
The AC amplifier circuit is shown in Figure 12.23. 

For an output power of 10 W, the required input drive power is 

Pin = Pout(dBm) - G(dB) = 101og(10,000) - 16.4 = 23.6 dBm = 229 mW. 

The DC input power can be found from the drain efficiency as Pdc = Pout/v = 
38.5 W, so the DC drain current is Id = Pdc/Vds — 1 -37 A. The power added 
efficiency of the amplifier can be found from (12.89) to be 



VPAE 



Pdc 



10.0 - 0.229 



25%. 
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PROBLEMS 



12.1 Consider the microwave network shown below, consisting of a 50 Q source, a 50 Q, 3 dB matched 
attenuator, and a 50 £2 load, (a) Compute the power gain, the available power gain, and the transducer 
power gain, (b) How do these gains change if the load is changed to 25 £2? (c) How do these gains 
change if the source impedance is changed to 25 £2? 



■so a 




12.2 The Infineon BFP640F SiGe HBT has the following scattering parameters at 1.0 GHz (Z 0 = 50 £2): 
Sn = 0.91/^14°, 5 J2 = 0.06/68°, 5 2 i = 3.92/149°, and S 22 = 0.93/-17 0 . For the transistor in 
the configuration of Figure 12.1, with no matching networks: (a) Compute the power gain, available 
power gain, and transducer gain for Z$ = Zr. = 50 £2. (b) Can you find Z$ and Zi (or Fg and Fi) 
to maximize each of these gains (for this case, assume the device is unilateral, with S\2 = 0)? 

12.3 An amplifier uses a GaAs HBT device having the following scattering parameters (Zq = 50 £2): 
S u = 0.61 /- 170°, 5 12 = 0.06/70°, 5 21 = 2.3 / 80°, and 5 22 = 0.72/-25°. The inputofthe tran- 
sistor is connected to a source with V s — 2 V (peak) and Zg — 25 £2, and the output of the transistor 
is connected to a load of Zi = 100 £2. (a) What are the power gain, the available power gain, the 
transducer power gain, and the unilateral transducer power gain? (b) Compute the available power 
from the source, and the power delivered to the load. 

12.4 A SiGe HBT device has the following scattering parameters at 2.0 GHz: Si i = 0.880/-1 15°, S n = 
0.029/31°, S 2 \ = 9.40/110°, and 5 22 = 0.328/-67 0 . Determine the stability of the device, and 
plot the stability circles if the device is potentially unstable. 

12.5 The scattering parameters of a GaN HEMT device are given at four frequencies in Table 11.8. Use 
the K — A test to determine the stability of this transistor at each frequency. 

12.6 Use the /[/.-parameter test to determine which of the following devices are unconditionally stable and, 
of those, which has the greatest stability: 



Device S n S u S 2 i 5 22 

A 0.34 /-170° 0.06 /70° 4.3/80° 0.45 /-25° 

B 0.75 Z-60° 0.2 /70° 5.0 /90° 0.51 /60° 

C 0.65 /- 140° 0.04 /60° 2.4/50° 0.70 Z-65° 



12.7 Show that for a unilateral device, where 5i 2 = 0, the /x-parameter test of (12.30) implies that \S\\\ < 
1 and 1 5 22 1 < 1 for unconditional stability. 

12.8 Prove that the condition for a positive discriminant in (12.40a), that is, > A\C\ | 2 , is equivalent to 
the condition that K 2 > 1. 
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12.9 Using the scattering parameter data for the GaAs MESFET given in Table 11.7, design an amplifier 
for maximum gain at 8.0 GHz. Design matching sections using open-circuited shunt stubs, and com- 
pute the gain. Check the stability of the resulting design using CAD modeling over the frequency 
range of 1-12 GHz, or by using stability circles at a few frequencies. 

12.10 Consider the impedance matching network shown at left below, where a load Z^(r^) at port 2 is 
matched to a source impedance Zq at port 1 . Show that the same network will present the impedance 
Z = Z£ at port 2 when port 1 is terminated with Zq, as shown in the figure below at right. As- 
sume the matching network is reciprocal and lossless. This relationship allows the impedance tuning 
techniques of Chapter 5 to be used to design the input and output matching networks for an amplifier. 




12.11 Design an amplifier with maximum Gju using a transistor with the following scattering parameters 
(Z 0 = 50 Q) at 6.0 GHz: S n = 0.6lZ-170°, S l2 = 0, S 21 = 2.24/32°, and S 22 = 0.72/-83°. 
Design L-section matching sections using lumped elements. 

12.12 Design an amplifier to have a gain of 1 0 dB at 6.0 GHz, using a transistor with the following scattering 
parameters (Zq = 50 £2): S u = 0.61/- 170°, S l2 = 0, S 2[ = 2.24/32°, and S 22 = 0.72/-83 0 . 
Plot (and use) constant-gain circles for G$ — 1 dB and Gi — 2 dB. Use matching sections with 
open-circuited shunt stubs. 

12.13 Compute the unilateral figure of merit for the transistor of Problem 12.4. What is the maximum error 
in the transducer gain if an amplifier is designed assuming the device is unilateral? 

12.14 Show that the 0 dB gain circle for G$ (Gg = 1), defined by (12.51), will pass through the center of 
the Smith chart. 

12.15 A GaAs FET has the following scattering and noise parameters at 8 GHz (Zq — 50 Q): 
S u = 0.7/-110°, 5i2 = 0.02/60°, S 2l = 3.5/60°, S 22 = 0.8/-70 0 , F min = 2.5 dB, r opt = 
0.70/120°, and Rpj — 15 Q. Design an amplifier with minimum noise figure and maximum pos- 
sible gain. Use open-circuited shunt stubs in the matching sections. 

12.16 A GaAs FET has the following scattering and noise parameters at 6 GHz (Zq — 50 C2): Su — 
0.6/-60°, 5i2 = 0, S 2 l = 2.0/81°, S 22 = 0.7/-60°, F min = 2.0 dB, r opt = 0.62/100°, and 
Rn — 20 Q. Design an amplifier to have a gain of 6 dB and the minimum noise figure possible 
with this gain. Use open-circuited shunt stubs in the matching sections. 

12.17 Repeat Problem 12.16, but design the amplifier for a noise figure of 2.5 dB and the maximum possible 
gain that can be achieved with this noise figure. 

12.18 Repeat the analysis of the balanced amplifier of Example 12.7 using a 3dB coupled line hybrid 
coupler. Use CAD software to optimize the input and output matching networks of the amplifiers to 
obtain a flat 10 dB gain response from 3 to 5 GHz, and compare the results with those obtained using 
the quadrature hybrid. 

12.19 If the individual amplifier stages in a balanced amplifier have mismatches of and at their 
output ports, show that the output mismatch of the balanced amplifier is S 22 — (F^ — T g)/2. 

12.20 Derive the result for the optimum size of a distributed amplifier given in (12.80). 

12.21 Consider a distributed amplifier using GaAs MESFETs with the following parameters: = 5 £2, 
R ds = 200 Q, C gs =0.3 pF, and g m = 40 mS. Calculate and plot the gain from 0 to 20 GHz for 
N = 4, 8, and 16 sections. Find the optimum value of N that will give maximum gain at 16 GHz. 
Assume Z c \ = Z g = Zq = 50 Q. 

12.22 Use the transistor data given in Table 12. 1 to design a power amplifier at 1 GHz with a power output of 
1 W. Design the input and output matching circuits using the given large-signal reflection coefficients. 
Compute the required input power level. 









Chapter Thirteen 











Oscillators and Mixers 



RF and microwave oscillators are found in all modern wireless communications, radar, 
and remote sensing systems to provide signal sources for frequency conversion and carrier 
generation. A solid-state oscillator uses an active nonlinear device, such as a diode or tran- 
sistor, in conjunction with a passive circuit to convert DC to a sinusoidal steady-state RF 
signal. Basic transistor oscillator circuits can generally be used at low frequencies, often with 
crystal resonators to provide improved frequency stability and low noise performance. At 
higher frequencies, diodes or transistors biased to a negative resistance operating point can 
be used with cavity, transmission line, or dielectric resonators to produce fundamental fre- 
quency oscillations up to 100 GHz. Alternatively, frequency multipliers, in conjunction with 
a lower frequency source, can be used to produce power at millimeter wave frequencies. 
Because of the requirement of a nonlinear active device, the rigorous analysis and design of 
oscillator circuits can be difficult, and is usually carried out today with sophisticated CAD 
tools. 

In this chapter we begin with an overview of low-frequency transistor oscillator circuits, 
including the well-known Hartley and Colpitts configurations, as well as crystal-controlled os- 
cillators. Next we consider oscillators for use at microwave frequencies, which differ from their 
lower frequency counterparts primarily due to different transistor characteristics and the ability 
to make practical use of negative resistance devices and high- Q microwave resonators. We also 
discuss the important topic of oscillator phase noise. Finally, an introduction to frequency mul- 
tiplication techniques is given. A related topic is that of frequency conversion, or mixing, so we 
also discuss in this chapter the fundamental operations of frequency up-conversion and down- 
conversion. Detectors and single-ended mixers using both diodes and transistors are discussed, 
along with some specialized mixer circuits. 

Important considerations for oscillators used in RF and microwave systems include the 
following: 

• Tuning range (specified in MHz/V for voltage-tuned oscillators) 

• Frequency stability (specified in PPM/°C) 

• AM and FM noise (specified in dBc/Hz below carrier, offset from carrier) 

• Harmonics (specified in dBc below carrier) 
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Typical frequency stability requirements can range from 2 to 0.5 PPM/°C, while phase 
noise requirements may range from —80 to —110 dBc/Hz at a 10 kHz offset from the 
carrier. 

Transistor oscillators generally have lower frequency and power capabilities than diode 
sources (e.g., tunnel, Gunn, or IMPATT diodes), but offer several advantages over diodes. First, 
oscillators using transistors are readily compatible with monolithic integrated circuitry, allow- 
ing easy integration with transistor amplifiers and mixers, while diode devices are often less 
compatible. In addition, a transistor oscillator circuit is much more flexible than a diode source. 
This is because the negative resistance oscillation mechanism of a diode is determined and lim- 
ited by the physical characteristics of the device itself, while the operating characteristics of a 
transistor can be adjusted to a greater degree by the bias point, as well as the source or load 
impedances presented to the device. Transistor oscillators usually allow more control of the 
frequency of oscillation, temperature stability, and output noise than do diode sources. Transis- 
tor oscillator circuits also lend themselves well to frequency tuning, phase or injection locking, 
and various modulation requirements. Transistor sources are relatively efficient but usually are 
not capable of very high power outputs. 

Tunable sources are necessary in many types of electronic warfare systems, frequency- 
hopping radar and communications systems, and test systems. Transistor oscillators can be 
made tunable by using an adjustable element in the resonant load, such as a varactor diode or 
a magnetically biased YIG sphere. Thus, a voltage-controlled oscillator (VCO) can be made 
by using a reverse-biased varactor diode in the tank circuit of a transistor oscillator. In a YIG- 
tuned oscillator (YTO), a single-crystal YIG sphere is used to control the inductance of a coil in 
the tank circuit of the oscillator. Since YIG is a ferrimagnetic material, its effective permeabil- 
ity can be controlled with an external DC magnetic bias field, thus controlling the oscillator 
frequency. YIG oscillators can be made to tune over a decade or more of bandwidth, while 
varactor-tuned oscillators are limited to a tuning range of about an octave. YIG-tuned oscilla- 
tors, however, cannot be tuned as fast as varactor oscillators. 



RF OSCILLATORS 

In the most general sense, an oscillator is a nonlinear circuit that converts DC power to an 
AC waveform. Most RF oscillators provide sinusoidal outputs, which minimizes undesired 
harmonics and noise sidebands. The basic conceptual operation of a sinusoidal oscilla- 
tor can be described with the linear feedback circuit shown in Figure 13.1. An amplifier 
with voltage gain A has an output voltage V a . This voltage passes through a feedback net- 
work with a frequency-dependent transfer function H(ct>), and is added to the input V, of 
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FIGURE 13.1 Block diagram of a sinusoidal oscillator using an amplifier with a frequency- 
dependent feedback path. 



the circuit. The output voltage can be expressed as 

V 0 (cD)=AVi(co) + H(a))AV 0 (cD), (13.1) 
which can be solved to yield the output voltage in terms of the input voltage as 

Voico) = - Vi{co). (13.2) 

1 - AH(co) 

If the denominator of (13.2) becomes zero at a particular frequency, it is possible to achieve 
a nonzero output voltage for a zero input voltage, thus forming an oscillator. This is 
known as the Nyquist criterion, or the Barkhausen criterion. In contrast to the design of 
an amplifier, where we design to achieve at least conditional stability, oscillator design 
depends on an unstable circuit. 

The oscillator circuit of Figure 13.1 is useful conceptually but provides little help- 
ful information for the design of practical transistor oscillators. Thus we consider next a 
general analysis of transistor oscillator circuits. 



General Analysis 

There are a large number of possible RF oscillator circuits using bipolar or field effect 
transistors in either common emitter/source, base/gate, or collector/drain configurations. 
Various types of feedback networks lead to the well-known Hartley, Colpitts, Clapp, and 
Pierce oscillator circuits [1-3]. All of these variations can be represented by the general 
oscillator circuit shown in Figure 13.2. 

The equivalent circuit on the right-hand side of Figure 13.2 is used to model either 
a bipolar or a field effect transistor. As discussed in Chapter 10, we have assumed here a 
unilateral transistor, which is usually a good approximation in practice. We can simplify the 
analysis by assuming real input and output admittances of the transistor, defined as G; and 
G 0 , respectively, with a transistor transconductance g m . The feedback network on the left 
side of the circuit is formed from three admittances in a bridged-T configuration. These 
components are usually reactive elements (capacitors or inductors) in order to provide a 
frequency-selective transfer function with high Q. A common emitter/source configuration 
can be obtained by setting V2 — 0, while common base/gate or common collector/drain 
configurations can be modeled by setting either V\ — 0 or V4 = 0, respectively. As shown, 
the circuit of Figure 13.2 does not include a completed feedback path — this can be achieved 
by connecting node V3 to node V4. 

Writing Kirchhoff's equation for the four voltage nodes of the circuit of Figure 13.2 
gives the following matrix equation: 
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y 

feedback network 



Base/ 
gate 



Emitter/ 



Y 

BJT or FET 



Collector/ 
drain 



Emitter/ 
source 



FIGURE 13.2 General circuit for a transistor oscillator. The transistor may be either a bipolar 
junction transistor or a field effect transistor. This circuit can be used for common 
emitter/source, base/gate, or collector/drain configurations by grounding V 2 , V\, 
or V4, respectively. Feedback is provided by connecting node V3 to V4. 



(Fi + y 3 + go 

-(Y l +G i +g m ) 
-Y 3 

gm 



-(Kl + Gj) -Y 3 0 

(Ti + Y 2 + d + G a + g m ) -Y 2 -G 0 

-Y 2 (Y 2 + Y 3 ) 0 

-(G„ + g m ) 0 G 0 









v 2 




v 3 




_v 4 _ 



(13.3) 

Recall from circuit analysis that if the ith node of the circuit is grounded, so that Vj = 0, 
the matrix of (13.3) will be modified by eliminating the ith row and column, reducing the 
order of the matrix by one. In addition, if two nodes are connected together, the matrix is 
modified by adding the corresponding rows and columns. 



Oscillators Using a Common Emitter BJT 

As a specific example, consider an oscillator using a bipolar junction transistor in a com- 
mon emitter configuration. In this case we have V 2 — 0, with feedback provided from the 
collector, so that V 3 = V4. In addition, the output admittance of the transistor is negligible, 
so we set G a — 0. These conditions serve to reduce the matrix of (13.3) to the following: 



(Xi + Y 3 + Gi) 

{gm ~ Y 3 ) 



-Y 3 
(Y 2 + Y 3 ) 









_ V _ 



(13.4) 



where V — V 3 — V4. 

If the circuit is to operate as an oscillator, then (13.4) must be satisfied for nonzero 
values of V\ and V, so the determinant of the matrix must be zero. If the feedback net- 
work consists only of lossless capacitors and inductors, then Y\, Y 2 , and Y 3 must be 
imaginary, so we let Y\ = jB\, Y 2 = jB 2 , and Y 3 = jB 3 . Also recall that the transcon- 
ductance g m , and transistor input conductance G,, are real. The determinant of (13.4) then 
simplifies to 



j(Bi + B 3 ) 

m — jB 3 



-jB 3 
j(B 2 + B 3 ) 



= 0. 



(13.5) 
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Separately equating the real and imaginary parts of the determinant to zero gives two 
equations: 

1 1 1 

If we convert susceptances to reactances, and let Xi — 1/Bi, X 2 — I/B2, and X3 — I/B3, 
then we can write (13.6a) as 

Xi + X 2 + X 3 = 0. (13.7a) 
Using (13.6a) to eliminate B3 from (13.6b) reduces that equation to the following: 

Xy = ^X 2 . (13.7b) 

Since g m and G, are positive, (13.7b) implies that X\ and X 2 have the same sign, and 
therefore are either both capacitors or both inductors. Equation (13.7a) then shows that 
Xt, must be opposite in sign from X\ and X 2 , and therefore the opposite type of reactive 
component. This conclusion leads to two of the most commonly used oscillator circuits. 

If X\ and X 2 are capacitors and X3 is an inductor, we have a Colpitts oscillator. Let 
X\ — — 1/&>oCi, X 2 — —l/a>oC 2 , and X3 — cdqL^. Then (13.7a) becomes 



>o (ci + C 2 ) 



+ (00L3 - 0, 



0)0 

which can be solved for the frequency of oscillation, coq, as 




<oo = Jr-\ ' ■ (13.8) 



Using these same substitutions in (13.7b) gives a necessary condition for oscillation of the 
Colpitts circuit as 

C2 = g_n (13 9) 

The resulting common emitter Colpitts oscillator circuit is shown in Figure 13.3a. 

Alternatively, if we choose X\ and X 2 to be inductors and X3 to be a capacitor, then we 
have a Hartley oscillator. Let X\ — &>oLi, X 2 — a>oL 2 , and X3 — — I/1DQC3. Then (13.7a) 
becomes 

1 

co 0 (Li + L 2 ) — = 0, 

(W0C3 



which can be solved for coq to give 
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V V V 

(a) (b) 
FIGURE 13.3 Transistor oscillator circuits using a common emitter BJT. (a) Colpitts oscillator. 



(b) Hartley oscillator. 



These same substitutions used in (13.7b) gives a necessary condition for oscillation of the 
Hartley circuit as 



L 2 



gm 

Gi 



(13.11) 



The resulting common emitter Hartley oscillator circuit is shown in Figure 13.3b. 



Oscillators Using a Common Gate FET 

Next consider an oscillator using an FET in a common gate configuration. In this case 
V\ — 0, and again V3 — V4 provides the feedback path. For an FET the input admittance 
can be neglected, so we set G ; = 0. Then the matrix of (13.3) reduces to 



(Y l +Y 2 + g m + G 0 ) -{Y 2 + G„) 
-(G 0 + gm+Y 2 ) (Y 2 + Y 3 + G 0 ) 



V 2 
V 



= o, 



(13.12) 



where V — V 3 = V4. Again we assume the feedback network is composed of lossless re- 
active elements, so that Y\, Y 2 , and Y 3 can be replaced with their susceptances. Setting the 
determinant of (13.12) to zero then gives 



(gm + G„) + j(B l + B 2 ) -G 0 -jB 2 
-(Go + gm)- jB 2 G„ + j(B 2 + B 3 ) 



= 0. 



Equating the real and imaginary parts to zero gives two equations: 

0, 
0. 



1 1 1 
Y l + ~B 2 + lh 



Go gm G 0 

lh ~B~\ ~B[ 



(13.13) 

(13.14a) 
(13.14b) 



As before, let X\, X 2 , and X3 be the reciprocals of the corresponding susceptances. Then 
(13.14a) can be rewritten as 



Xi + x 2 + x 3 = 0. 



(13.15a) 
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Using (13.14a) to eliminate B3 from (13.14b) reduces that equation to 

^ = (13.15b) 

Since g m and G„ are positive, (13.15b) shows that X\ and X2 must have the same sign, 
while (13. 15a) indicates that X3 must have the opposite sign. If X\ and X2 are chosen to be 
negative, then these elements will be capacitive and X3 will be inductive. This corresponds 
to a Colpitts oscillator. Since (13.15a) is identical to (13.7a), its solution gives the result 
for the resonant frequency for the common gate Colpitts oscillator as 




(13.16) 

which is identical to the result obtained in (13.8) for the common emitter Colpitts oscillator. 
This is because the resonant frequency is determined by the feedback network, which is 
identical in both cases. The further condition for oscillation given by (13.15b) reduces to 

£i = ^. (13.17) 

C2 G 0 

If we choose X\ and X2 to be positive (inductive), then X3 will be capacitive, and we have 
a Hartley oscillator. The resonant frequency of the common gate Hartley oscillator is given 



which is identical to the result of (13.10) for the common emitter Hartley oscillator. Equa- 
tion (13.15b) reduces to 

^ = P-. (13.19) 

The circuits for common gate Colpitts and Hartley oscillators are similar to the circuits 
shown in Figure 13.3 if the BJT is replaced with an FET device. 



Practical Considerations 

It must be emphasized that the above analysis is based on very idealized assumptions, and 
in practice successful oscillator design requires attention to factors such as the reactances 
associated with the input and output transistor ports, the variation of transistor properties 
with temperature, transistor bias and decoupling circuitry, and the effect of inductor losses. 
For these purposes computer-aided design software can be very helpful. 

The above analysis can be extended to account for more realistic feedback network in- 
ductors having series resistance, which invariably occurs in practice. For example, consider 
the case of a common emitter BJT Colpitts oscillator, with the impedance of the inductor 
given by Z3 = I/Y3 — R + ja>Lj,. Substituting into (13.4) and setting the real and imagi- 
nary parts of the determinant to zero gives the following result for resonant frequency: 
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This equation is similar to the result of (13.8) for the lossless inductor, except that C\ is 
defined as 

Cl 

C = . (13.21) 

1 l + RGi 

The corresponding condition for oscillation is 

R 1 + gm/Gi L 3 



Gi o)qC\C2 Ci 



(13.22) 




This result sets the maximum value of the series resistance R; the left-hand side of (13.22) 
should generally be chosen to be less than the right-hand side to ensure oscillation. 



EXAMPLE 13.1 COLPITTS OSCILLATOR DESIGN 

Design a 50 MHz Colpitts oscillator using a bipolar junction transistor in a com- 
mon emitter configuration with = g m /Gi = 30, and a transistor input resistance 
of Ri — 1/Gj — 1200 £2. Use an inductor with L 3 = 0.10 /liH and an unloaded Q 
of 100. What is the minimum Q of the inductor for which oscillation will be 
sustained? 

Solution 

From (13.20) the series combination of C\ and C2 is found to be 
C\ C 2 1 1 

= 100 pF. 



C[ + C 2 co 2 Q L 3 (2jt) 2 (50 x 10 6 ) 2 (0.1 x 10" 6 ) 

This value can be obtained in several ways, but here we will choose C\ — C2 — 
200 pF. 

From Chapter 6 we know that the unloaded Q of an inductor is related to its 
series resistance by go = a>L/R, so the series resistance of the 0.1 /xH inductor 

is 

= mqL 3 _ (2;r)(50 x 10 6 )(0.1 x IP" 6 ) 
go 100 

Then (13.21) gives C\ as 

Ci = C x (l + RGi) = (200 P F)(l + = 200 pF, 

which we see is essentially unchanged from the value found by neglecting the 
inductor loss. Using (13.22) with the above values gives 

R_ l+P L 3 
Gi ~ o)2CiC 2 Ci 

1 +30 0.1 x 10" 6 

(0.31)(1200) < 



(2;r) 2 (50 x 10 6 ) 2 (200 x 10" 12 ) 2 200 x 10" 12 
372 < 7852 - 500 = 7352 



which indicates that the condition for oscillation will be satisfied. This condition 
can be used to find the minimum unloaded inductor Q by first solving for the 
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maximum value of series resistance R: 



Ri \o)gCiC 2 Ci y 1200 



So the minimum unloaded g is 



= ^ 0 L 3 = (2tt)(50 x 10 6 )(0.1 x 1Q- 6 ) = g { 

fimax 6.13 



Crystal Oscillators 

As we have seen from the above analysis, the resonant frequency of an oscillator is deter- 
mined from the condition that a 180° phase shift occurs between the input and output of the 
transistor. If the resonant feedback circuit has a high Q, so that there is a very rapid change 
in the phase shift with frequency, the oscillator will have good frequency stability. Quartz 
crystals are useful for this purpose, especially at frequencies below a few hundred MHz, 
where LC resonators seldom have unloaded Qs greater than a few hundred. Quartz crys- 
tals may have unloaded Qs as high as 100,000 and temperature drift less than 0.001 %/C°. 
Crystal-controlled oscillators therefore find extensive use as stable frequency sources in 
RF systems; further stability can be obtained by controlling the temperature of the quartz 
crystal. 

A quartz crystal resonator consists of a small, thin sheet of quartz mounted between 
two metallic plates. Mechanical oscillations can be excited in the crystal through the piezo- 
electric effect. The equivalent circuit of a quartz crystal near its lowest resonant mode is 
shown in Figure 13.4a. This circuit has series and parallel resonant frequencies, co s and co p , 
given by 

1 

o>s = —;=, (13.23a) 



CpC 
Cq + C 



(13.23b) 



The reactance of the circuit of Figure 13.4a is plotted in Figure 13.4b, where we see that the 
reactance is inductive in the frequency range between the series and parallel resonances. 
This is the usual operating point of the crystal, so that the crystal may be used in place of 
the inductor in a Colpitts or Pierce oscillator. A typical crystal oscillator circuit is shown 
in Figure 13.5. 



X 










to 




V 



(a) 



(b) 



FIGURE 13.4 (a) Equivalent circuit of a crystal resonator, (b) Input reactance of a crystal 
resonator. 
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FIGURE 13.5 Pierce crystal oscillator circuit. 



13.2 



MICROWAVE OSCILLATORS 

In this section we focus on oscillator circuits that are useful at microwave frequencies, 
primarily employing negative resistance diodes or transistors. 

Figure 13.6 shows the canonical RF circuit for a one-port negative resistance oscil- 
lator, where Z m — R m + jX{ a is the input impedance of the active device (e.g., a bi- 
ased diode or transistor). In general, this impedance is current (or voltage) dependent, 
as well as frequency dependent, which we indicate by writing Z; n (7, ju>) — Ri n (I, jco) + 
jX{ n (I, jco). The device is terminated with a passive load impedance, Zl — Rl + j^L- 
Applying Kirchhoff's voltage law gives 



(Z L + Z m )l = 0. 



(13.24) 



If oscillation is occurring, such that the RF current I is nonzero, then the following two 
conditions must be satisfied: 

R L + R m = 0, (13.25a) 
X L +X in = 0. (13.25b) 

Since the load is passive, Rl > 0, and (13.25a) implies that R m < 0. Thus, while a positive 
resistance implies energy dissipation, a negative resistance implies an energy source. The 
condition of (13.25b) controls the frequency of oscillation. The condition in (13.24), that 
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FIGURE 13.6 Circuit for a one-port negative resistance oscillator. 
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Zi = — Z; n for steady-state oscillation, implies that the reflection coefficients Ti and 
are related as 

Zf — Zn — Zj n — Zn Zj n + Zn 1 

T L = — = = " = . (13.26) 

Zl + Zo — Zi n + Zq Z; n — Zo Tin 

The process of oscillation is critically dependent on the nonlinear behavior of Z; n , as 
follows. Initially, it is necessary for the overall circuit to be unstable at a certain frequency, 
that is, Rin(I, jco) + Rl < 0. Then any transient excitation or noise will cause an oscillation 
to build up at the frequency co. As 7 increases, Ri n (I, jco) must become less negative until 
the current 7o is reached such that Ri n (Io, jcoo) + R L = 0, and Xi n (Io, jcoo) + Xiijcoo) = 
0. At this point the oscillator can run in a stable state. The final frequency, coo, generally 
differs from the startup frequency because X{ n is current dependent, so that X{ a (I, jco) ^ 

x m (io, ;&>())■ 

Thus we see that the conditions of (13.25) are not enough to guarantee a stable state 
of oscillation. In particular, stability requires that any perturbation in current or frequency 
will be damped out, allowing the oscillator to return to its original state. This condition can 
be quantified by considering the effect of a small change, 57, in the current, and a small 
change, 8s, in the complex frequency s — a + jco. If we let Z^(7, s) — Z; n (7, s) + Z^(s), 
then we can write a Taylor series for Zr(7, s) about the stable operating point 7q, coq as 



Z T (I,s) = Z T (I Q ,so) + 



ds 



dZr 

8s + 



57 = 0, (13.27) 



since Zj(I, s) must still equal zero if oscillation is occurring. In (13.27), so = j^o is the 
complex frequency at the original operating point. Now use the fact that ZjUo, so) == 0, 
and that dZj /ds — —j (dZj/dco), to solve (13.27) for 8s — 8a + jSco: 



-dZ T /dI 

8s — 8a + jSco 



8Z T /ds 



-j(dZ T /dI)(dZ*/dco) 
81 = — — - — '-81. (13.28) 

s 0 ,i 0 \dZ T /dco\ z 



If the transient caused by 81 and 8co is to decay, we must have 8a < 0 when 57 > 0. Equa- 
tion (13.28) then implies that 

[ dZ T dZ* 1 
Im — - — T - \ < 0, 
1 37 dco J 

or 

dRj dXj dXj dRj 



37 dco 37 dco 



> 0. (13.29) 



This relation is sometimes known as Kurokawa's condition. For a passive load, 37?l/37 = 
dX L /dI = dR L /dco = 0, so (13.29) reduces to 

dR'm d dX iri dRin 

— - — (X L + X m ) — ^>0. (13.30) 

37 dco L 37 dco 

As discussed above, we usually have that dR m /dI > 0, so (13.30) can be satisfied if 
d(Xi + X m )/dco y> 0. This implies that a high- Q circuit will result in maximum oscil- 
lator stability. Cavity and dielectric resonators are often used for this purpose. 

Effective oscillator design requires the consideration of several other issues, such as 
the selection of an operating point for stable operation and maximum power output, fre- 
quency pulling, large-signal effects, and noise characteristics. We leave these topics to 
more advanced texts [4, 5]. 
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FIGURE 13.7 Load matching circuit for the one-port oscillator of Example 13.2. 



EXAMPLE 13.2 NEGATIVE RESISTANCE OSCILLATOR DESIGN 

A one-port oscillator uses a negative resistance diode having Tj n = 1.25/40° 
(Zo = 50 £2) at its desired operating point, for / = 6 GHz. Design a load match- 
ing network for a 50 £2 load impedance. 

Solution 

From either the Smith chart (see Problem 13.5) or by direct calculation, we find 
the input impedance of the diode as 

1 + r in 

Z in = Z 0l = -44 + jl23:3. 

1 1 in 

Then, by (13.25), the load impedance must be 

Z L = -Z in =44- ;123 Q. 

A shunt stub and series section of line can be used to convert 50 £1 to Zl, as 
shown in the circuit of Figure 13.7. ■ 




Transistor Oscillators 

In a transistor oscillator, a negative resistance one-port network is effectively created by ter- 
minating a potentially unstable transistor with an impedance designed to drive the device 
in an unstable region. The circuit model of a transistor oscillator is shown in Figure 13.8. 
In this circuit, the RF output port is part of the load network on the output side of the 
transistor, but it is also possible to use the terminating network to the left of the transistor 
as the output port. In the case of an amplifier, we preferred a device with a high degree 
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FIGURE 13.8 Circuit for a two-port transistor oscillator. 
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of stability — ideally, an unconditionally stable device. For an oscillator, we require a de- 
vice with a high degree of instability. Typically, common source or common gate FET 
configurations are used (common emitter or common base for bipolar junction devices), 
often with positive feedback to enhance the instability of the device. After the transistor 
configuration is selected, the output stability circle can be drawn in the Fl plane, and Ti 
selected to produce a large value of negative resistance at the input to the transistor. Then 
the terminating impedance Z$ — Rs + jX$ can be chosen to match Z m . Because such a 
design often relies on the small-signal scattering parameters, and because R{ n will become 
less negative as the oscillator power builds up, it is often necessary to choose Rs so that 
Rs + ^in < 0. Otherwise, oscillation may cease if increasing RF power increases R{ n to 
the point where Rs + Rm > 0. In practice, a value of 

R S = ^ (13.31a) 
is often used. The reactive part of Zs is chosen to resonate the circuit, 

X S = -X in . (13.31b) 

When oscillation occurs between the termination network and the transistor, oscil- 
lation will simultaneously occur at the output port, which we can show as follows. For 
steady-state oscillation at the input port, we must have T^Tin = 1, analogous to the condi- 
tion of (13.26). Then from (12.3a) we have 

_L = r in = S U + = S n -AT L 

r s i-s 22 r L i-s 22 r L ' 

where A = S[iS 22 — S[ 2 S 2 i. Solving for Tl gives 

i - s n r s 

Pi = <1333) 

From (12.3b) we have that 

Si 2 S 2 ] S 22 — ATc 

Tout = S 22 + = — -, (13.34) 

1-SnTs l-S n r s 

which shows that r£r out = 1, and hence Zi — — Z out . Thus, the condition for oscillation 
at the load network is satisfied. Note that it is preferable to use the large-signal scatter- 
ing parameters of the transistor in the above development. 



EXAMPLE 13.3 TRANSISTOR OSCILLATOR DESIGN 

Design a transistor oscillator at 4 GHz using a GaAs MESFET in a common 
gate configuration, with a 5 nH inductor in series with the gate to increase the 
instability. Choose a load network to match to a 50 £2 load, and an appropriate 
terminating network at the input to the transistor. The scattering parameters of the 
transistor in a common source configuration are (Zo — 50 £2) Su — 0.72/ — 116°, 
5i2 = 0.03/57°, 5 2 i = 2.60/76°, and S 22 = 0.73/-54°. 

Solution 

The first step is to convert the common source scattering parameters to the scat- 
tering parameters that apply to the transistor in a common gate configuration with 
a series inductor. (See Figure 13.9a.) This is most easily done using a microwave 
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CAD package. The new scattering parameters are 

S' n = 2.18Z-35 0 , 
S[ 2 = 1.26/18° 
S21 = 2.75/96° 
S' 22 = 0.52/155°. 

Note that \S' U \ is significantly greater than \S\_i\, which suggests that the config- 
uration of Figure 13.9a is more unstable than the common source configuration. 
Calculating the output stability circle (Yl plane) parameters from (1 1.25) gives 

C L = ^- = 1.08/33°, 

|5'| 2 -|A'| 2 



Rl = 



S" S' 



22 



I A' 



= 0.665. 



Since \S' n | = 2.18 > 1, the stable region is inside this circle, as shown in the 
Smith chart in Figure 13.9b. 

There is a great amount of freedom in our choice for Fi, but one objective is 
to make |Ti n | large. We therefore try several values of located on the opposite 
side of the chart from the stability circle, and select = 0.59Z— 104°. Then 
we can design a single-stub matching network to convert a 50 £2 load to Zi = 
20 — 7 35 £2, as shown in Figure 13.9a. 

For the given value of Tl, we calculate 1 i n as 



£/ + ^12^21 r ^ 

11 1 - S 22 F L 



3.96/-2.4° 



or Z in = -84 - 7 1.9 Q. Then, from (13.31), we find Z s as 



■jXjn = 28 + 71.9 £2. 



Using R m /3 should ensure enough instability for the startup of oscillation. The 
easiest way to implement the impedance Z$ is to use a 90 Q load with a short 
length of line, as shown in the figure. It is likely that the steady-state oscillation 
frequency will differ from 4 GHz because of the nonlinearity of the transistor 
parameters. ■ 



Dielectric Resonator Oscillators 

As we saw from the result of (13.30), oscillator stability is enhanced with the use of a 
high- Q tuning network. The unloaded Q of a resonant network using lumped elements 
or microstrip lines and stubs is typically limited to a few hundred (see Chapter 6), and 
while waveguide cavity resonators can have unloaded Qs of 10 4 or more, they are not well 
suited for integration in miniature microwave integrated circuitry. Another disadvantage of 
metal cavities is the significant frequency drift caused by dimensional expansion due to 
temperature variations. The dielectric cavity resonator discussed in Section 6.5 overcomes 
most of these disadvantages, as it can have an unloaded Q as high as several thousand, it 
is compact and easily integrated with planar circuitry, and it can be made from ceramic 
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(b) 

FIGURE 13.9 Circuit design for the transistor oscillator of Example 13.3. (a) Oscillator circuit, 
(b) Smith chart for determining T^. 

materials that have excellent temperature stability. For these reasons, transistor dielectric 
resonator oscillators (DROs) are in common use over the entire microwave, and lower 
millimeter wave, frequency range. 

A dielectric resonator is usually coupled to an oscillator circuit by positioning it in 
close proximity to a microstrip line, as shown in Figure 13.10a. The resonator operates 
in the TEois mode, and couples to the fringing magnetic field of the microstrip line. The 
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FIGURE 13.10 (a) Geometry of a dielectric resonator coupled to a microstrip line; (b) equivalent 



circuit. 



strength of coupling is determined by the spacing, d, between the resonator and microstrip 
line. Because coupling is via the magnetic field, the resonator appears as a series load on 
the microstrip line, as shown in the equivalent circuit of Figure 13.10b. The resonator is 
modeled as a parallel RLC circuit, and the coupling to the feedline is modeled by the turns 
ratio, N, of the transformer. Using the result of (6. 19) for the impedance of a parallel RLC 
resonator, we can express the equivalent series impedance, Z, seen by the microstrip line 
as 



N R 



1 + j2Q 0 Aco/coo' 



(13.35) 



where Qq — R /cdqL is the unloaded resonator Q,a>o — 1 /V LC is the resonant frequency, 
and Aa> - co — coq. The coupling factor, defined in (6.76), between the resonator and the 
feedline is the ratio of the unloaded to external Q, and can be found as 



8 



Qo 

Qe 



R/coqL 



N 2 R 



R L /N 2 co 0 L 2Z 0 



(13.36) 



where Rl = 2Zq is the load resistance for a feedline with source and termination resis- 
tances Zq. In some cases the feedline is terminated with an open-circuit A/4 from the res- 
onator to maximize the magnetic field at that point; in this case Rl — Zq, and the coupling 
factor is twice the value given in (13.36). 

The reflection coefficient seen on the terminated microstrip line looking toward the 
resonator can be written as 



_ (Zq + N 2 R) - Zq 

~ (Z 0 + N 2 R) + Z 0 



N 2 R 



8 



2Z Q + N 2 R l + g' 



(13.37) 



This allows the coupling coefficient to be found from g = T/(l — T) after the simple pro- 
cedure of measuring T at resonance; the resonant frequency and Q can also be found by 
measurement. Alternatively, these quantities can be calculated using approximate analyt- 
ical solutions [6]. Note that this procedure leaves a degree of freedom between N and R 
since only the product N 2 R is uniquely determined. 

There are many oscillator configurations using common source (emitter), common 
gate (base), or common drain (collector) connections of either BJTs or FETs, in addition to 
the optional use of series or shunt elements to increase the instability of the device [4, 5]. 
A dielectric resonator can be incorporated into the circuit to provide frequency stability 
using either the parallel feedback arrangement of Figure 13.11a, or the series feedback 
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FIGURE 13.11 (a) Dielectric resonator oscillator using parallel feedback; (b) dielectric resonator 
oscillator using series feedback. 




technique shown in Figure 13.11b. The parallel configuration uses a resonator coupled to 
two microstrip lines, functioning as a high- Q bandpass filter that couples a portion of the 
transistor output back to its input. The amount of coupling is controlled by the spacing 
between the resonator and the lines, and the phase is controlled by the length of the lines. 
The series feedback configuration is simpler, using only a single microstrip feedline, but 
typically does not have a tuning range as wide as that obtained with parallel feedback. 
Design of an oscillator using parallel feedback is most conveniently done using microwave 
CAD software, but a dielectric resonator oscillator using series feedback can be designed 
using the same procedure that was discussed in the previous section on two-port oscillators. 



EXAMPLE 13.4 DIELECTRIC RESONATOR OSCILLATOR DESIGN 

A wireless local area network application requires a local oscillator operating at 
2.4 GHz. Design a dielectric resonator oscillator using the series feedback cir- 
cuit of Figure 13.11b with a bipolar transistor having the following scattering 
parameters (Z 0 = 50 £2): Sn = 1.8/130°, S u = 0.4/45°, 5 2 i = 3.8/36°, and 
S22 = 0.7/— 63°. Determine the required coupling coefficient for the dielectric 
resonator, and the required microstrip matching network for the load. Plot the 
magnitude of r out versus A///o for small variations in frequency about the de- 
sign value, assuming an unloaded resonator Q of 1000. 

Solution 

The DRO circuit is shown in Figure 13.12a. The dielectric resonator is placed 
X/A from the open end of the microstrip line; the line length l r can be adjusted 
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FIGURE 13.12 (a) Circuit for the dielectric resonator of Example 13.4. 
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to match the phase of the required value of r$- In contrast to the oscillator of 
the previous example, the output load impedance for this circuit is part of the 
terminating network. 

The stability circles for the transistor can be plotted if desired, but are not 
necessary for the design since we can begin by choosing Fs to provide a large 
value of |r out |. From (13.34) we have 

„ „ . SnSn^s 

l out = ^22 + 



l-sniy 



which indicates that we can maximize r out by making 1 — SiiTs close to zero. 
Thus we choose V$ = 0.6Z — 130°, which gives r out = 10.7Z132 0 . This corre- 
sponds to an impedance 

l + r out 1 + 10.7/132° 

Z out = Z 0 = 50— = -43.7 + /6.1 £2. 

l-r out 1 - 10.7 L 132° J 

Applying the analogous startup condition of (13.31) for the output side gives the 
required termination impedance as 

Zl = - yXout = 5.5 - 76.I £2. 

The matching network can now be designed using a Smith chart. The short- 
est transmission line length for matching Zi to the load impedance Zq is i t — 
0.481 A, and the required open-circuit stub length is l s — 0.307A. 

Next we match V$ to the resonator network. From (13.35) we know that the 
equivalent impedance of the resonator seen by the microstrip line is real at the 
resonant frequency, so the phase angle of the reflection coefficient at this point, 
F^, must be either zero or 180°. For an undercoupled parallel RLC resonator, 
R < Zo, so the proper phase will be 180°, which can be achieved by transfor- 
mation through the line length l r . The magnitude of the reflection coefficient is 



622 Chapter 13: Oscillators and Mixers 



unchanged, so we have the relation 

r' s = T s e 2mr = (0.6Z-130> 2iW - = 0.6/180°, 

which gives £ r — 0.431 X. The equivalent impedance of the resonator at resonance 
is then 

i + r' 

Z'n = Z 0 f- = 12.5 Q. 

i i — r' 

The coupling coefficient can be found using (13.36), with a factor of two to ac- 
count for the X/4 stub termination, as 

N 2 R 12.5 

The variation of |r ou t| with frequency will give an indication of the frequency 
stability of the oscillator. We can calculate r out from (13.34), after first using 
(13.35) to compute Z' s , Y' s , and then transforming down the line of length l r 
to obtain Y$. The electrical line length can be approximated as constant for the 
small changes in frequency associated with this calculation. A short computer 
program, or microwave CAD software, can be used to generate data for —0.01 < 
A///o < 0.01, which is shown in the graph of Figure 13.12b. Observe that |r out | 
decreases rapidly with a change in frequency as small as a few hundredths of a 
percent, demonstrating the sharp selectivity that can be obtained with a dielectric 
resonator. ■ 



OSCILLATOR PHASE NOISE 

The noise produced by an oscillator or other signal source is important in practice because 
it may severely degrade the performance of a communications or radar receiver system. 
Besides adding to the noise level of the receiver, a noisy local oscillator will lead to down- 
conversion of undesired nearby signals, thus limiting the selectivity of the receiver and 
how closely adjacent channels may be spaced. Phase noise refers to the short-term random 
fluctuation in the frequency (or phase) of an oscillator signal. Phase noise also introduces 
uncertainty during the detection of digitally modulated signals. 

An ideal oscillator would have a frequency spectrum consisting of a single delta func- 
tion at its operating frequency, but a realistic oscillator will have a spectrum more like that 
shown in Figure 13.13. Spurious signals due to oscillator harmonics or intermodulation 
products appear as discrete spikes in the spectrum. Phase noise, due to random fluctuations 
caused by thermal and other noise sources, appears as a broad, continuous distribution 
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localized about the output signal. Phase noise is defined as the ratio of power in one phase 
modulation sideband to the total signal power per unit bandwidth (1 Hz) at a particular 
offset, f m , from the signal frequency, and is denoted as _Sf (/ m ). It is usually expressed in 
decibels relative to the carrier power per hertz of bandwidth (dBc/Hz). A typical oscillator 
phase noise specification for a cellular radio, for example, may be —1 10 dBc/Hz at 25 kHz 
from the carrier. In the following sections we show how phase noise may be represented, 
and present a widely used model for characterizing the phase noise of an oscillator. 



Representation of Phase Noise 

In general, the output voltage of an oscillator or synthesizer can be written as 

Vo (t) = V 0 [l + A(t)] cosfftV + 6(t)], (13.38) 

where Ait) represents the amplitude fluctuations of the output, and 0(t) represents the 
phase variation of the output waveform. Of these, amplitude variations can usually be well 
controlled, and generally have less impact on system performance. Phase variations may be 
discrete (due to deterministic spurious mixer products or harmonics), or random in nature 
(due to thermal or other random noise sources). Note from (13.38) that an instantaneous 
phase variation is indistinguishable from a variation in frequency. 

Small changes in the oscillator frequency can be represented as a frequency modula- 
tion of the carrier by letting 

A/ 

0(t) — sin&> m f — Op sin&> m f, (13.39) 

fm 

where f m = a> m /2it is the modulating frequency. The peak phase deviation is 9 p — Af/f m 
(also called the modulation index). Substituting (13.39) into (13.38) and expanding gives 

v a (t) — V 0 [cos&> 0 f cos(0 p sin<w m f) — sin<w 0 f sin(# p sin&> m f)L (13.40) 

where we set A(t) — 0 to ignore amplitude fluctuations. Assuming the phase deviations 
are small, so that 0 p <?C 1, we can use the small-argument expressions that sin x — x and 
cosx ~ 1 to simplify (13.40) to 

v a (t) — V 0 (cos co 0 t — 9 p sin&) m f sin&> 0 f) 

\ Qp 1 

= V 0 jcos&> 0 f — —[cos(a) 0 + co m )t — cos(&> 0 — co m )t] \. (13.41) 

This expression shows that small phase or frequency deviations in the output of an oscilla- 
tor result in modulation sidebands at co 0 ± co m , located on either side of the carrier signal 
at co 0 . When these deviations are due to random changes in temperature or device noise, 
the output spectrum of the oscillator will take the form shown in Figure 13.13. 

According to the definition of phase noise as the ratio of noise power in a single 
sideband to the carrier power, the waveform of (13.41) has a corresponding phase noise of 

1 (V 0 6 p ^ 2 



jgf (/ ) =?IL= 2 \ 2 I = °1 = (13.42) 
Pc 1 2 4 2 

2 ° 

where 0 lms — 6 p /y/2 is the rms value of the phase deviation. The two-sided power spectral 
density associated with phase noise includes power in both sidebands: 

Se{f m ) = 2if(/ m ) = ^ = 0 r 2 ms - (13-43) 
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White noise generated by passive or active devices can be interpreted in terms of phase 
noise by using the same definition. From Chapter 10 we know that the noise power at the 
output of a noisy two-port network is kToBFG, where To — 290 K, B is the measurement 
bandwidth, F is the noise figure of the network, and G is the gain of the network. For a 
1 Hz bandwidth, the ratio of output noise power density to output signal power gives the 
power spectral density as 

Se(fm) = (13.44) 

where P c is the input signal (carrier) power. Note that the gain of the network cancels in 
this expression. 



Leeson's Model for Oscillator Phase Noise 

In this section we present Leeson's model for characterizing the power spectral density of 
oscillator phase noise [2, 7] . As in Section 1 3 . 1 , we will model the oscillator as an amplifier 
with a feedback path, as shown in Figure 13.14. If the voltage gain of the amplifier is 
included in the feedback transfer function H(a>), then the voltage transfer function for the 
oscillator circuit is 

V 0 (a>) = - 1 ' - ■ (13.45) 
1 — H(co) 

If we consider oscillators that use a high- Q resonant circuit in the feedback loop (e.g., Col- 
pitts, Hartley, Clapp, and similar oscillators), then H(co) can be represented as the voltage 
transfer function of a parallel RLC resonator: 

H{co) = j ^ = 1 , (13.46) 

1 + jq 0 ( — _ ^ ) 1 +2jQqAco/co 0 
\(Oo co J 

where coo is the resonant frequency of the oscillator, and Aco — co — coq is the frequency 
offset relative to the resonant frequency. 

Since the input and output power spectral densities are related by the square of the 
magnitude of the voltage transfer function [8], we can use (13.45)-(13.46) to write 



1 



2 1 _i_ a r>2 a ,.2 

S<t,(co) 



1 - H(co) 



l+4QlAco 2 /col 

Se(c0) = Anil 2, 2 S ^ 
\QiAco 2 lcoi 



0)n 



\ 4g2 Aw 2y y Aco 2j 

where So (co) is the input power spectral density, and 5^ (co) is the output power spectral 
density. In (13.47) we have also defined &>/, = coo/2Qo as the half-power (3 dB) bandwidth 
of the resonator. 
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FIGURE 13.14 Feedback amplifier model for characterizing oscillator phase noise. 
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FIGURE 13.15 Noise power versus frequency for an amplifier with an applied input signal. 



The noise spectrum of a typical transistor amplifier with an applied sinusoidal signal 
at /o is shown in Figure 13.15. Besides kTB thermal noise, transistors generate additional 
noise that varies as l/f at frequencies below the frequency /„. This l/f, or flicker, noise 
is likely caused by random fluctuations of the carrier density in the active device. Due to 
the nonlinearity of the transistor, the l/f noise will modulate the applied signal at /o, and 
appear as l/f noise sidebands around fy. Since the l/f noise component dominates the 
phase noise power at frequencies close to the carrier, it is important to include it in our 
model. Thus we consider an input power spectral density as shown in Figure 13.16, where 
K/Af represents the l/f noise component around the carrier, and kTpF/Pp represents the 
thermal noise. Thus the power spectral density applied to the input of the oscillator can be 
written as 

kTF ( Kco a \ 
Se(co) = — (l + —^), (13.48) 

where K is a constant accounting for the strength of the l/f noise, and u> a — 2nf a is the 
corner frequency of the l/f noise. The corner frequency depends primarily on the type of 
transistor used in the oscillator. Silicon junction FETs, for example, typically have corner 
frequencies ranging from 50 to 100 Hz, while GaAs MESFETs have corner frequencies 
ranging from 2 to 10 MHz, or higher. Silicon bipolar junction transistors have corner fre- 
quencies that range from 5 to 50 kHz. 

Using (13.48) in (13.47) gives the power spectral density of the output phase noise as 
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FIGURE 13.16 Idealized power spectral density of amplifier noise, including l/f and thermal 
components. 
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FIGURE 13.17 Power spectral density of phase noise at the output of an oscillator, (a) Response 
for fh > fa (low Q). (b) Response for f h > f a (high Q). 



This result is sketched in Figure 13.17. There are two cases, depending on which of the 
middle two terms of (13.49) is more significant. In either case, for frequencies close to the 
carrier at fo, the noise power decreases as l// 3 , or —18 dB/octave. If the resonator has a 
relatively low Q, so that its 3 dB bandwidth //, > /„, then for frequencies between /„ and 
fh the noise power drops as 1/f 2 , or —12 dB/octave. If the resonator has a relatively high 
Q, so that < f a , then for frequencies between fh and f a the noise power drops as l/f, 
or —6 dB/octave. 

At higher frequencies the noise is predominantly thermal, constant with frequency, 
and proportional to the noise figure of the amplifier. A noiseless amplifier with F — 1 (0 
dB) would produce the minimum noise floor of kTo — —174 dBm/Hz. In accordance with 
Figure 13.13, the noise power is greatest at frequencies closest to the carrier frequency, but 
(13.49) shows that the 1/ f 3 component is proportional to 1/Qq, so that better phase noise 
characteristics close to the carrier are achieved with a high-g resonator. Finally, recall 
from (13.43) that the single-sideband phase noise will be one-half of the power spectral 
density of (13.49). These results give a reasonably good model for oscillator phase noise, 
and quantitatively explain the roll-off of noise power with frequency offset from the carrier. 

The effect of phase noise in a receiver is to degrade both the signal-to-noise ratio 
(or bit error rate) and the selectivity [9]. Of these, the impact on selectivity is usually 
the most severe. Phase noise degrades receiver selectivity by causing down conversion of 
signals located nearby the desired signal frequency. The process is shown in Figure 13.18. 
A local oscillator at frequency fo is used to down convert a desired signal to an intermediate 




FIGURE 13.18 Illustrating how local oscillator phase noise can lead to the reception of undesired 
signals adjacent to the desired signal. 
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frequency (IF). Due to phase noise, however, an adjacent undesired signal can be down 
converted to the same IF frequency due to the phase noise spectrum of the local oscillator. 
The phase noise that leads to this conversion is located at an offset from the carrier equal to 
the IF frequency from the undesired signal. This process is called reciprocal mixing. From 
this diagram, it is easy to see that the maximum allowable phase noise in order to achieve 
an adjacent channel rejection (or selectivity) of S dB (S > 0) is given by 

jSf(/ m ) = C(dBm)-5(dB)-/(dBm)-101og(B), (dBc/Hz), (13.50) 

where C is the desired signal level (in dBm), / is the undesired (interference) signal level 
(in dBm), and B is the bandwidth of the IF filter (in Hz). 



EXAMPLE 13.5 GSM RECEIVER PHASE NOISE REQUIREMENTS 

The GSM cellular telephone standard requires a minimum of 9 dB rejection of 
interfering signal levels of —23 dBm at 3 MHz from the carrier, —33 dBm at 
1.6 MHz from the carrier, and —43 dBm at 0.6 MHz from the carrier, for a carrier 
level of —99 dBm. Determine the required local oscillator phase noise at these 
carrier frequency offsets. The channel bandwidth is 200 kHz. 

Solution 

From (13.50) we have 

jSf(/ m ) = C (dBm) - S (dB) - / (dBm) - 101og(B) 

= -99 dBm - 9 dB - / (dBm) - 10 log (2 x 10 5 ). 

The table below lists the required LO phase noise as computed from the above 
expression: 



Frequency Offset Interfering Signal ^{fm) 

f m (MHz) Level (dBm) (dBc/Hz) 

3.0 -23 -138 

1.6 -33 -128 

0.6 -43 -118 

This level of phase noise requires a phase-locked synthesizer. Bit errors in GSM 
systems are usually dominated by the reciprocal mixing effect, while errors due 
to thermal antenna and receiver noise are generally negligible. ■ 



FREQUENCY MULTIPLIERS 

As frequency increases into the millimeter wave range it becomes increasingly difficult to 
build fundamental frequency oscillators with good power, stability, and noise character- 
istics. An alternative approach is to produce a harmonic of a lower frequency oscillator 
through the use of a frequency multiplier. As we saw in Section 10.3, a nonlinear element 
may generate many harmonics of an input sinusoidal signal, so frequency multiplication is 
a natural occurrence in circuits containing diodes and transistors. Designing a good-quality 
frequency multiplier, however, is a difficult task that generally requires nonlinear analysis, 
matching at multiple frequencies, stability analysis, and thermal considerations. We will 
discuss some of the general operational principles and properties of diode and transistor 
frequency multipliers, and refer the reader to the literature for more practical details [5]. 
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Frequency multiplier circuits can be categorized as reactive diode multipliers, resis- 
tive diode multipliers, or transistor multipliers. A reactive diode multiplier uses either a 
varactor or a step-recovery diode biased to present a nonlinear junction capacitance. Since 
losses in such diodes are small, conversion efficiencies (the fraction of RF input power that 
is converted to the desired harmonic) can be relatively high. In fact, as we will show, ideal 
(lossless) reactive multipliers can achieve a theoretical conversion efficiency of 100%. Var- 
actor multipliers are most useful for low harmonic conversion (multiplier factors of 2-4), 
while step-recovery diodes are able to generate more power at higher harmonics. Resistive 
multipliers exploit the nonlinear I-V characteristic of a forward-biased Schottky barrier 
diode. We will show that resistive multipliers have conversion efficiencies that decrease as 
the square of the harmonic number, and so these multipliers are only useful for low multi- 
plication factors. Transistor multipliers can use both bipolar junction and FET devices, and 
can provide conversion gains. Transistor multipliers are limited by their cutoff frequency, 
however, and therefore are generally not useful at very high frequencies. 

A disadvantage of frequency multipliers is that noise levels are increased by the multi- 
plication factor. This is because frequency multiplication is effectively a phase multiplica- 
tion process as well, so phase noise variations get multiplied in the same way that frequency 
is multiplied. The increase in noise power is given by 20 log n, where n is the multiplica- 
tion factor. Thus a frequency doubler will increase the fundamental oscillator noise level 
by at least 6 dB, while a frequency tripler will lead to an increase of at least 9.5 dB. Reac- 
tive diode multipliers typically add little additional noise of their own since varactors and 
step-recovery diodes have very low series resistances, but resistive diode multipliers can 
generate significant additional noise power. 

Reactive Diode Multipliers (Manley-Rowe Relations) 

We begin our discussion with the Manley-Rowe relations, which result from a very general 
analysis of power conservation associated with frequency conversion in a nonlinear reac- 
tive element [10]. Consider the circuit of Figure 13.19, where two sources at frequencies 
co\ and a>2 drive a nonlinear capacitor, C. The circuit also shows ideal bandpass filters to 
conceptually isolate powers in all harmonics of the form nu>\ + ma>2- Since the capacitor 
is nonlinear, its charge Q can be expressed as a power series in terms of the capacitor 
voltage, v: 

Q — a 0 + a\v + a2V 2 + fl3U 3 + • • • 

As in Section 10.3, this nonlinear relationship implies the generation of all frequency prod- 
ucts of the form na>i + m&>2- Thus we can write the capacitor voltage as a Fourier series of 




FIGURE 13.19 Conceptual circuit for the derivation of the Manley-Rowe relations. 
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the form 

oo oo 

„(*)= E V nm eJ (n ^ +m ^'. (13.51) 

n=— oo m=— oo 

Similarly, the capacitor charge and current can be written as 

oo oo 

<2( f )= E E Qn m e i(nmi+mm)t , (13.52) 

/7— — oo m=— oo 

, . j oo oo oo oo 

m = a -£=Y, E + "^e™^ 1 ^' = E E w ; ' (nft,l+m<U2) '- 

n=— oo m=— oo «=— oom=— oo 

(13.53) 

Since n(r) and ;'(f) are real functions, we must have that y_ n> _ m = V* m and Q- n - m — 
0* . 

No real power can be dissipated in the lossless capacitor. If a>i and a>2 are not multiples 
of each other, there is no average power due to interacting harmonics. Then the average 
power (ignoring a factor of 4) at frequency ± \nco\ + ma>2 \ is given as 

Pnm — 2Re {V nm I nm } — V nm I nm + V nm I nm — V nm I nm + V— n> — m I_ n _ m — P_ n> _ m . 

(13.54) 

Conservation of power can then be expressed as 

oo oo 

£ J2 Pnm=0. (13.55) 

n— — oo m—— oo 

nw\ + ma>2 

Now multiply (13.55) by to obtain 

na>\ + ma>2 

oo oo oo oo 

m y y n ^ m + ^ y y mr nm = Q (i3 56) 

n=—oom=—oo n=—oom——oo 

Using (13.54) and the fact that I nm — j inco{ + mo)2)Qnm gives 

oo oo 

Ml E E " {-j V nmQ* nm - jV-„- m Q*_„_ m ) 
u— — oo m=— oo 

oo oo 

+ (U2 E E m (-^«me: m -yv-»,- m e* „,_,„) = o (13.57) 

n =— 00 m=— 00 

The double summation terms in (13.57) do not depend on u>\ or 002 since we can always ad- 
just the external circuitry so that all V nm remain constant, and the Q nm will remain constant 
as well since the capacitor charge depends directly on the voltage. Thus each summation 
in (13.56) must be identically zero: 

00 00 „ 

y y — _ — = 0, (13.58a) 

«=— 00 m=— 00 
00 00 

y y mP nm = Q 5 
'—' '—' nu>\ + mu>2 

n=-oom=-oo 
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Some simplification can be carried out by eliminating the negative indices of one summa- 
tion by using the fact that P- n - m — P nm . For example, from (13.58a), 

OO OO „ OO OO „ OO OO p 

V~~* V~~* n "nm V~~* V~~* n "nm V~~* V~~* n ^—n,—m 

^— ' nco\ + mu>2 „ ^— ' no)i + mco2 ^ ^ —ncoi — mu>2 

n=-oom=-oo «=()m=— oo n=0m=-oo 

OO OO p 

= 2 y y "^" m = 0, 
This results in the usual form for the Manley-Rowe relations: 



oo oo „ 

nP, 



E E 



nm 



nu>\ + ma)2 

«=0m=-oo 



= 0, (13.59a) 



E E 



0. (13.59b) 



nu)\ + ma>2 

n=-oo m =0 

The Manley-Rowe relations express power conservation for any lossless nonlinear reac- 
tance, and can be useful for harmonic generation, parametric amplifiers, and frequency 
converters at RF, microwave, and optical frequencies to predict the maximum possible 
power gain and conversion efficiency. 

Reactive frequency multipliers involve a special case of the Manley-Rowe relations 
since only a single source is used. If we assume a source at frequency coi, then setting 
m = 0 in (13.59a) gives 



E P »o = 0, 



n=\ 

or 

oo 

£>„o = -Pio, (13.60) 

n=2 

where P„q represents the power associated with the nth harmonic (the DC term for n — 0 is 
zero). In practice, P^o > 0 because this represents power delivered by the source, while the 
summation in (13.60) represents the total power contained in all the harmonics of the input 
signal, as generated by the nonlinear capacitor. If all harmonics but the nth are terminated 
with lossless reactive loads, the power balance of (13.60) reduces to 



PnQ 



PlQ 



1, (13.61) 



indicating that it is theoretically possible to achieve 100% conversion efficiency for any 
harmonic. Of course, in practice, losses in the diode and matching circuitry serve to reduce 
the achievable efficiency substantially. 

A block diagram of a diode frequency multiplier is shown in Figure 13.20. An input 
signal of frequency /o is applied to the diode, which is terminated with reactive loads at 
all frequencies except nfo, the desired harmonic. If the diode junction capacitance has a 
square-law I-V characteristic, it is often necessary to terminate unwanted harmonics with 
short circuits if harmonics higher than the second are to be generated. This is because volt- 
ages at higher harmonics may not be generated unless lower harmonic currents are allowed 
to flow. These currents are commonly referred to as idler currents. For example, a varactor 
tripler will generally require terminations to allow idler currents at 2/q. Typical conversion 
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FIGURE 13.20 Block diagram of a diode frequency multiplier. 



efficiencies for varactor multipliers range from 50 to 80% for doublers and triplers at 
50 GHz. The upper frequency limit is controlled mainly by f c , the cutoff frequency of the 
diode, which depends on the series resistance and dynamic junction capacitance. Typical 
varactor cutoff frequencies can exceed 1000 GHz, but efficient frequency multiplication 
requires that nfo <3C f c - 

Resistive Diode Multipliers 

Resistive multipliers generally use forward-biased Schottky-barrier diodes to provide a 
nonlinear I-V characteristic. Resistive multipliers are less popular than reactive multipli- 
ers because their efficiencies are lower, especially for higher harmonic numbers. However, 
resistive multipliers offer better bandwidths, and more stable operation, than reactive multi- 
pliers. In addition, at high millimeter wave frequencies even the best varactor diodes begin 
to exhibit resistive properties. Since a resistive frequency multiplier is not lossless, the 
Manley-Rowe relations do not strictly apply. However, we can derive a similar set of rela- 
tions for a nonlinear resistor, and demonstrate an important result for frequency conversion 
using nonlinear resistors. 

Consider the resistive multiplier circuit shown in Figure 13.21. We have simplified 
the analysis by specializing to the frequency multiplier case by considering only a single 
source frequency — the more general case of two frequency sources is treated in reference 
[11]. For a source frequency &>, the nonlinear resistor generates harmonics of the form na>, 
so the resistor voltage and current can be written as a Fourier series: 

oo 

v(.o= v >« eJmQ "> ( 13 - 62a > 

m=— oo 
oo 

i(f)= J2 lme jmat . (13.62b) 

m=— oo 




FIGURE 13.21 Conceptual circuit for the derivation of power relations in a resistive frequency 
multiplier. 
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The Fourier coefficients are determined as 

T 



V m = ! r J v(t)e-' ma,t dt, (13.63a) 

(=0 
T 

/» = \ J i{t)e-' mmt dt. (13.63b) 

(=0 

Since v(t) and /(f) are real functions, we must have V m — V* m and I m — I* m . The power 
associated with the mth harmonic is (ignoring a factor of 4) 

P m = 2 Re { V m I*} = V m I* + V*I m . (13.64) 

Multiplying V m of (13.63a) by -m 2 I* and summing gives 

T 



oo _ 1 * oo 

- ™ 2 V m C = y j "(0 E m 2 I*e-^dt. 



(13.65) 



m=—oo q m=— oo 



Next, use the result that 

9 2 /(f) 
~fr 2 ~ 

to write (13.65) as 



r __L (13 . 

f=0 2jt&j J 3f 3f 



(=0 



1 9/(f) 

v(t) 

2it(x> 3f 



66) 

df df 

f=0 

Since i>(f) and /(f) are periodic functions (period T), we have i>(0) = v(T) and /(0) = 
i(T). Derivatives of /(f) have the same periodicity, so the second to last term in (13.66) 
vanishes. In addition, we can write 

dv(t) 9/(f) _ dv(t) 9/ dv(t) _ 9/ (dv(t)\ 2 
dt dt ~ 9f dv 9f ~~ 9~u V 3f j ' 
Equation (13.66) then reduces to 

T 

m— — on ^ . ^ ' ™ — n ™ — n 



or 



t _Q m=0 m=0 



m=0 {=0 



For positive nonlinear resistors (defined as having an I-V curve whose slope is always 
positive), the integrand of (13.67) will always be positive. Thus (13.67) can be reduced to 



m 2 P m > 0. (13.68) 



m=Q 
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If all harmonics are terminated in reactive loads except for to (the fundamental) and mco 
(the desired harmonic), then (13.68) reduces to Pi + in P m > 0. The power Pi > 0 is de- 
livered by the source, while P m < 0 represents harmonic power supplied by the device. The 
maximum theoretical conversion efficiency is then given as 



Pi 



1 

< — . 

m 2 



(13.69) 



This result indicates that the efficiency of a resistive frequency multiplier drops as the 
square of the multiplication factor. 

The performance of diode frequency multipliers can often be improved by using two 
diodes in a balanced configuration. This can lead to increased output power, improved in- 
put impedance characteristics, and the rejection of certain (all even or all odd) harmonics. 
Two diodes can be fed using a quadrature hybrid, or two diodes can be configured in an 
antiparallel arrangement (back-to-back with reversed polarities). The antiparallel configu- 
ration will reject all even harmonics of the input frequency. 



Transistor Multipliers 

Compared to diode frequency multipliers, transistor multipliers offer better bandwidth and 
the possibility of conversion efficiencies greater than 100% (conversion gain). FET multi- 
pliers also require less input and DC power than diode multipliers. In the past, before solid- 
state amplifiers were available at millimeter wave frequencies, high-power diode multipli- 
ers were one of the few ways of generating millimeter wave power. Today, however, it is 
possible to generate the required frequency at low power, then amplify that signal to the de- 
sired power level using transistor amplifiers. This approach results in better efficiency and 
lower DC power requirements, and it allows the separate optimization of signal generation 
and amplification functions. Transistor multipliers are well suited for this application. 

There are several nonlinearities that exist in a FET device that can be used for har- 
monic generation: the transconductance near pinch-off, the output conductance near pinch- 
off, the rectifying properties of the Schottky gate, and the varactor-like capacitances at the 
gate and drain. For frequency doubler operation, the most useful of these is the rectifi- 
cation property, where the FET is biased to conduct only during the positive half of the 
input signal waveform. This results in operation similar to that of a class B amplifier, 
and provides a multiplier circuit that is useful for low-power output (typically less than 
10 dBm) at frequencies up to 60-100 GHz. Bipolar transistors can also be used for fre- 
quency multiplication, with the capacitance of the collector-base junction providing the 
necessary nonlinearity. 

The basic circuit of a class B FET frequency multiplier is shown in Figure 13.22. A 
unilateral device is assumed here to simplify the analysis. The source is a generator of 
frequency coo, with period T — 2jt/coq, and matched to the FET with the source impedance 




s 



FIGURE 13.22 Circuit diagram of an FET frequency multiplier. The transistor is modeled using 
a unilateral equivalent circuit. 
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FIGURE 13.23 Voltage and currents in the FET multiplier (doubler) circuit of Figure 13.22. 

(a) Gate voltage when the transistor is biased just below pinch-off. (b) Drain 
current, which conducts when the gate voltage is above the threshold voltage, 
(c) Drain voltage when the load resonator is tuned to the second harmonic. 



R s + jX s . The drain of the FET is terminated with a load impedance Rl + jXi, which is 
chosen to form a parallel RLC resonator with Cds at the desired harmonic frequency, na>o. 
The gate is biased at a DC voltage of V gg < 0, while the drain is biased at Vdd > 0. 

The operation of the FET multiplier can be understood with the help of the waveforms 
shown in Figure 13.23. As seen in Figure 13.23a, the FET is biased below the turn-on 
voltage, V t , so the transistor does not conduct until the gate voltage exceeds V t . The re- 
sulting drain current is shown in Figure 13.23b, and is seen to be similar in form to a 
half-wave rectified version of the gate voltage. This waveform is rich in harmonics, so the 
drain resonator can be designed to present a short circuit at the fundamental and all unde- 
sired harmonics, and an open circuit at the desired harmonic frequency. The resulting drain 
voltage for n — 2 is shown in Figure 13.23c. 

We can make an approximate analysis of the FET multiplier by representing the drain 
current in terms of a Fourier series. If we assume that the drain current waveform is a 
half-cosine function of the form 

TTt 



id(t) 



Anax cos — for |f I < r/2 
0 r for t/2 < \t\ < r/2, 

where r is the duration of the drain current pulse, we can find the Fourier series as 



(13.70) 



id(t) 



n=0 



2nnt 



cos 



(13.71) 



13.4 Frequency Multipliers 635 



with the Fourier coefficients given by 

Io = W-^;. (13.72a) 

JtT 

4r cos(«7rr/r) 

/„ = / max i '—L f or „ > o. (13.72b) 

ttT 1 - (2nx/T) 2 

The coefficient /„ represents the drain current of harmonic frequency ncoo, so maximizing 
multiplier efficiency involves maximizing /„. Since (13.72b) clearly shows that the maxi- 
mum value of /„ decreases with n, circuits of this type are generally limited to frequency 
doublers or triplers. For a given value of n, the maximum value of /„// ma x depends on 
the ratio x/T: for n — 2 the optimum occurs at x/T — 0.35, while for n — 3 the optimum 
occurs at x/T — 0.22. Because of device and biasing constraints, however, the designer 
usually has very little control of the pulse width r, and practical values of x/T are usu- 
ally greater than optimum. Examination of Figure 13.23a shows that the normalized pulse 
duration is related to the gate voltages V t , V gm \ n , and y ?max as 

nx 2V f — V gmax — Vgmjn 

c°s— = — . (13.73) 

1 ' gmax ' gmm 

The gate bias voltage satisfies the relation that 

V gg = (V^ max - V gmin )/2, (13.74) 
and the peak value of the AC component of the gate voltage (frequency coo) is given by 

V g = V gm - dX - V gg . (13.75) 
Then the input power delivered to the FET can be expressed as 

1 .o_ W e \ 2 Ri 



i2 D . _ I y g\ 

2\R t - j/cooC gs \ 



\h\ Ri = , ^ | 2 - (13-76) 



If the source is conjugately matched to the transistor, the input power will be equal to the 
available power, P a vaii- 

On the load side, the peak value of the AC component of the drain voltage (frequency 
ncoo) is given by 

V L = I n R L = (Vdmax - V daAa )/2, (13.77) 
assuming resonance of Xl and Cd s . This gives the optimal load resistance as 

mm „ _ ON 

Kl — — . (U./8) 

Then the output power at the harmonic ncoo is 

Pn = \\h\ 2 RL. (13.79) 



Finally, the conversion gain is given as 

G„ - 

^avail 



G c = -p-. (13.80) 
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EXAMPLE 13.6 FET FREQUENCY DOUBLER DESIGN 

A 12-24 GHz frequency doubler is designed using a GaAs MESFET with the 
following parameters: V t = -2.0 V, fl, = 10 Q, C gs = 0.20 pF, C ds = 0.15 pF, 
and Rj s = 40 Q. Assume the operating point of the transistor is chosen so that 
V gmax = 0.2 V, V gmin = -6.0 V, V dmax = 5.0 V, V dmin = 1.0 V, and 7 max = 
80 mA. Find the conversion gain of the multiplier. 

Solution 

We first use (13.74) and (13.75) to find the peak value of the AC input voltage. 
The gate bias voltage is 

V gg = (Vgmax - Vgmin)/2 = (0.2 - 6.0)/2 = -2.9 V, 

and the peak AC input voltage is 

V g = V gmax - V g g = 0.2 + 2.9 = 3.1 V. 

Then the input power is given by (13.76): 

= \V g \ 2 Ri = (3.1) 2 (10) 

ln 2\Ri - j/a Q Cg S \ 2 2[(10) 2 + (1/2tt(12 x 10 9 )(0.2 x 10" 12 )) 2 ] 

= 10.7 mW. 
The pulse width is found from (13.73) as 

7TT 2V t - Vg max - V gmin 2(-2.0) - 0.2 + 6.0 

cos — = — = = 0.29, 

T Vg max - V gmin 0.2 + 6.0 



for 



- = 0.406. 
T 



Then the load current for the second harmonic is given by (13.72b): 

4r cosCItixIT) 

h = W ^ = 0.262/ max = 21.0 mA. 

jrri-(4r/r) 2 

The load resistance required to match the transistor is found from (13.78): 

n Vdmax ~ Vdmin 5—1 

Kr — = = yj.Z \i. 

2/ 2 2(0.021) 

The output power at 24 GHz is given by (13.79): 

p 2 = ^\I 2 \ 2 R L = ^(0.021) 2 (95.2) = 21.0 mW. 

Finally, the conversion gain is, assuming the input is conjugately matched, 

Pi 21.0 
G c = = = 2.9 dB. 

Pavail 10.7 

The load reactance required to resonate the second harmonic is Xl — l/2o>oC^ = 
44.2 £2, which corresponds to an inductance of 0.293 nH. ■ 
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MIXERS 

A mixer is a three-port device that uses a nonlinear or time-varying element to achieve 
frequency conversion. As introduced in Section 11.1, an ideal mixer produces an output 
consisting of the sum and difference frequencies of its two input signals. Operation of 
practical RF and microwave mixers is usually based on the nonlinearity provided by either 
a diode or a transistor. As we have seen, a nonlinear component can generate a wide variety 
of harmonics and other products of input frequencies, so filtering must be used to select 
the desired frequency components. Modern microwave systems typically use several mix- 
ers and filters to perform the functions of frequency up-conversion and down-conversion 
between baseband signal frequencies and RF carrier frequencies. 

We begin by discussing some of the important characteristics of mixers, such as image 
frequency, conversion loss, noise effects, and intermodulation distortion. Next we discuss 
the operation of single-ended mixers, using either a single diode or a transistor as the 
nonlinear element. The balanced diode mixer circuit is then described, followed by a brief 
description of more specialized mixer circuits. 



Mixer Characteristics 

The symbol and functional diagram for a mixer are shown in Figure 13.24. The mixer 
symbol is intended to imply that the output is proportional to the product of the two input 
signals. We will see that this is an idealized view of mixer operation, which in actuality 
produces a large variety of harmonics and other undesired products of the input signals. 
Figure 13.24a illustrates the operation of frequency up-conversion, as occurs in a transmit- 
ter. A local oscillator (LO) signal at the relatively high frequency /lo is connected to one 
of the input ports of the mixer. The LO signal can be represented as 



Vho(t) = cos 2itf LO t. 



(13.81) 



A lower frequency baseband or intermediate frequency (IF) signal is applied to the other 
mixer input. This signal typically contains the information or data to be transmitted, and 
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FIGURE 13.24 Frequency conversion using a mixer, (a) Up-conversion. (b) Down-conversion. 
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can be expressed for our purposes as 

Vjp(t) = cos27T/i F f. (13.82) 

The output of the idealized mixer is given by the product of the LO and IF signals: 

u RF (f) — KvLo(t)vip(t) — K cos2jTf^ot cos27tfipt 

= y [cos27r(/ LO - fw)t + cos27r(/ L o + fw)t], (13.83) 

where K is a constant accounting for the voltage conversion loss of the mixer. The RF 
output is seen to consist of the sum and differences of the input signal frequencies: 

fRF = /lo ± /if- (13.84) 

The spectra of the input and output signals are shown in Figure 13.24a, where we see 
that the mixer has the effect of modulating the LO signal with the IF signal. The sum and 
difference frequencies at /lo ± /if are called the sidebands of the carrier frequency /lo, 
with /lo + /if being the upper sideband (USB), and /lo — /if being the lower sideband 
(LSB). A double-sideband (DSB) signal contains both upper and lower sidebands, as in 
(13.83), while a single-sideband (SSB) signal can be produced by filtering or by using a 
single-sideband mixer. 

Conversely, Figure 13.24b shows the process of frequency down-conversion, as used 
in a receiver. In this case an RF input signal of the form 

u RF (f) = cos2jr/RFf (13.85) 

is applied to the input of the mixer, along with the LO signal of (13.81). The output of the 
mixer is 

jj IF (f) — KVRF(t)VLo(t) — K COS 2 JtfRpt cos27t/lo? 

= j [cos27r(/ RF - / LO )f + cos27r(/ RF + / LO )f]- (13.86) 

Thus the mixer output consists of the sum and difference of the input signal frequencies. 
The spectrum for these signals is shown in Figure 13.24b. In practice, the RF and LO 
frequencies are relatively close together, so the sum frequency is approximately twice the 
RF frequency, while the difference is much smaller than / RF . The desired IF output in 
a receiver is the difference frequency, / RF — /lo, which is easily selected by low-pass 
filtering: 

/if = /rf - /lo- (13.87) 

Note that the above discussion only considers the sum and difference outputs as generated 
by multiplication of the input signals, whereas in a realistic mixer many more products will 
be generated due to the more complicated nonlinear behavior of the diode or transistor. 
These products are usually undesirable and are removed by filtering. 

Image frequency: In a receiver the RF input signal at frequency / RF is typically delivered 
from the antenna, which may receive RF signals over a relatively wide band of frequencies. 
For a receiver with an LO frequency /lo and IF frequency /i F , (13.87) gives the RF input 
frequency that will be down-converted to the IF frequency as 



/rf = /lo + /if, 



(13.88a) 
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since the insertion of (13.88a) into (13.87) yields (after low-pass filtering). Now con- 
sider the RF input frequency given by 

fm = fho - /if- (13.88b) 

Insertion of (13.88b) into (13.87) yields —/if (after low-pass filtering). Mathematically, 
this frequency is identical to /if because the Fourier spectrum of any real signal is sym- 
metric about zero frequency, and thus contains negative as well as positive frequencies. The 
RF frequency defined in (13.88b) is called the image response. The image response is im- 
portant in receiver design because a received RF signal at the image frequency of (13.88b) 
is indistinguishable at the IF stage from the desired RF signal of frequency (13.88a) unless 
steps are taken in the RF stages of the receiver to preselect signals only within the desired 
RF frequency band. 

The choice of which RF frequency in (13.88) is the desired and which is the image 
response is arbitrary, depending on whether the LO frequency is above or below the desired 
RF frequency. Another way of viewing this difference is to note that /if in (13.88) may 
be negative. Observe that the desired and image frequencies of (13.88a) and (13.88b) are 
separated by 2 fip. 

Another implication of (13.87) and the fact that fjp may be negative is that there are 
two LO frequencies that can be used for a given RF and IF frequency: 

/lo = /rf±/if, (13.89) 

since taking the difference frequency of /rf with these two LO frequencies gives ± fjp. 
These two frequencies correspond to the upper and lower sidebands when a mixer is op- 
erated as an up-converter. In practice, most receivers use a local oscillator set at the upper 
sideband, /lo = /rf + /if, because this requires a smaller LO tuning ratio when the re- 
ceiver must select RF signals over a given band. 

Conversion loss: Mixer design requires impedance matching at three ports, complicated 
by the fact that several frequencies and their harmonics are involved. Ideally, each mixer 
port would be matched at its particular frequency (RF, LO, or IF), and undesired frequency 
products would be absorbed with resistive loads, or blocked with reactive terminations. 
Resistive loads increase mixer losses, however, and reactive loads can be very frequency 
sensitive. In addition, there are inherent losses in the frequency conversion process because 
of the generation of undesired harmonics and other frequency products. An important fig- 
ure of merit for a mixer is therefore the conversion loss, which is defined as the ratio of 
available RF input power to the available IF output power, expressed in dB: 

available RF input power 

L c = lOlog / >0dB. (13.90) 

available IF output power 

Conversion loss accounts for resistive losses in a mixer as well as loss in the frequency 
conversion process from RF to IF ports. Conversion loss applies to both up-conversion 
and down-conversion, even though the context of the above definition is for the latter case. 
Since the RF stages of receivers operate at much lower power levels than do transmit- 
ters, minimum conversion loss is more critical for receivers because of the importance of 
minimizing losses in the RF stages to maximize receiver noise figure. 

Practical diode mixers typically have conversion losses between 4 and 7 dB in the 
1-10 GHz range. Transistor mixers have lower conversion loss, and they may even have 
conversion gain of a few dB. One factor that strongly affects conversion loss is the LO 
power level; minimum conversion loss often occurs for LO powers between 0 and 10 dBm. 
This power level is large enough that the accurate characterization of mixer performance 
often requires nonlinear analysis. 
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Noise figure: Noise is generated in mixers by the diode or transistor elements, and by ther- 
mal sources due to resistive losses. Noise figures of practical mixers range from 1 to 5 dB, 
with diode mixers generally achieving lower noise figures than transistor mixers. The noise 
figure of a mixer depends on whether its input is a single-sideband signal or a double- 
sideband signal. This is because the mixer will down-convert noise at both sideband fre- 
quencies (since these have the same IF), but the power of a SSB signal is one-half that of 
a DSB signal (for the same amplitude). To derive the relation between the noise figure for 
these two cases, first consider a DSB input signal of the form 

«dsb(0 = A[cos(ft>Lo - <wrp)f + cos(&> LO + cojp)t]. (13.91) 

Upon mixing with an LO signal cos coLot and low-pass filtering, the down-converted IF 
signal will be 

AK AK 
vw(t) — — ^— cos(&>iFf) H — — cos(— a)jpt) — AK cosa>ipf, (13.92) 

where K is a constant accounting for the conversion loss for each sideband. The average 
power of the DSB input signal of (13.91) is 



A 1 A 1 
Si = — + — = A 
2 2 

and the average power of the output IF signal is 



2 



So 



A 2 K 2 



For noise figure, the input noise power is defined as Nj = kT$B, where Tq = 290 K and B 
is the IF bandwidth. The total output noise power is equal to the input noise plus N^ded, 
the noise power added by the mixer, divided by the conversion loss (assuming a reference 
at the mixer input): 

_ (KT 0 B + jV ad ded) 
No- 

Then using the definition of noise figure gives the DSB noise figure of the mixer as 



S 0 Ni K 2 L C V kT Q B J 



The corresponding analysis for the SSB case begins with a SSB input signal of the 
form 

USSB(0 = AcOS(ft) L 0 - 0}JF)t. (13.94) 

Upon mixing with the LO signal cos &>Lof and low-pass filtering, the down-converted IF 
signal will be 

AK 

n IF (f) = — cos((0jpt). (13.95) 
The average power of the SSB input signal of (13.94) is 
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and the average power of the output IF signal is 

A 2 K 2 

S 0 = • 

8 

The input and output noise powers are the same as for the DSB case, so the noise figure 
for an SSB input signal is 

FssB = S iI^ = ^_( l + (13 96) 

^ SSB S 0 N t K 2 L C V kT 0 B J' UJ ' y0j 

Comparison with (13.93) shows that the noise figure of the SSB case is twice that of the 
DSB case: 




Fssb = 2F D sb. ( 13 - 97 ) 

Other mixer characteristics: Since mixers involve nonlinearity, they will produce inter- 
modulation products. Typical values of IIP3 for mixers range from 15 to 30 dBm. Another 
important characteristic of a mixer is the isolation between the RF and LO ports. Ideally, 
the LO and RF ports would be decoupled, but internal impedance mismatches and limi- 
tations of coupler performance often result in some LO power being coupled out of the 
RF port. This is a potential problem for receivers that drive the RF port directly from the 
antenna because LO power coupled through the mixer to the RF port will be radiated by 
the antenna. Because such signals can interfere with other services or users, regulatory 
agencies often set stringent limits on the RF power radiated by receivers. This problem 
can be largely alleviated by using a bandpass filter between the antenna and mixer, or by 
using an RF amplifier ahead of the mixer. Isolation between the LO and RF ports is highly 
dependent on the type of coupler used for diplexing these two inputs, but typical values 
range from 20 to 40 dB. 



EXAMPLE 13.7 IMAGE FREQUENCY 

The IS-54 digital cellular telephone system uses a receive frequency band of 869- 
894 MHz, with a first IF frequency of 87 MHz and a channel bandwidth of 30 kHz. 
What are the two possible ranges for the LO frequency? If the upper LO frequency 
range is used, determine the image frequency range. Does the image frequency 
fall within the receive passband? 

Solution 

By (13.89), the two possible LO frequency ranges are 



/lo = /rf ± /if = (869 to 894) ± 87 



956 to 981 MHz 
782 to 807 MHz. 



Using the 956-981 MHz LO, we find that (13.87) gives the IF frequency as 
f 1F = / RF - f LO = (869 to 894) - (956 to 981) = -87 MHz, 

so from (13.88b) the RF image frequency range is 

fm = fLO - fw = (956 to 981) + 87 = 1043 to 1068 MHz, 



which is well outside the receive passband. 
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FIGURE 13.25 (a) Circuit for a single-ended diode mixer, (b) Idealized equivalent circuit. 



The above treatment of mixers is idealized because of the assumption that the output 
was proportional to the product of the input signals, thus producing only sum and difference 
frequencies (for sinusoidal inputs). We now discuss more realistic mixers and show that 
the output does indeed contain a term proportional to the product of the inputs, but it also 
contains many higher order products as well. 



Single-Ended Diode Mixer 

A basic diode mixer circuit is shown in Figure 13.25a. This type of mixer is called a single- 
ended mixer because it uses a single diode element. The RF and LO inputs are combined 
in a diplexer, which superimposes the two input voltages to drive the diode. The diplexing 
function can be implemented using a directional coupler or hybrid junction to provide 
signal combining as well as isolation between the two inputs. The diode may be biased 
with a DC bias voltage, which must be decoupled from the RF signal paths. This is done 
by using DC blocking capacitors on either side of the diode, and an RF choke between the 
diode and the bias voltage source. The AC output of the diode is passed through a low- 
pass filter to provide the desired IF output voltage. This description is for application as a 
down-converter, but the same mixer can be used for up-conversion since each port may be 
used interchangeably as an input or output port. 

The AC equivalent circuit of the mixer is shown in Figure 13.25b, where the RF and 
LO input voltages are represented as two series-connected voltage sources. Let the RF 
input voltage be a cosine wave of frequency &>rf: 

VRp(t) — VRpcosftiRFf, (13.98) 

and let the LO input voltage be a cosine wave of frequency colq- 



VloO) = VLOCOStt>Lof- 



(13.99) 
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Using the small-signal approximation of (1 1.6) gives the total diode current as 

Ql 

/(f) = I 0 + G d [vR F (t) + v LO (t)l + -^[v RF (t) + v LO (t)] 2 + ■■■. (13.100) 

The first term in (13. 100) is the DC bias current, which will be blocked from the IF output 
by the DC blocking capacitors. The second term is a replication of the RF and LO input 
signals, which will be filtered out by the low-pass IF filter. This leaves the third term, which 
can be rewritten using trigonometric identities as 

i(t) — — (Vrfcoswrf/ + V L oCOStt>LOf) 

Ql 

— ~~ (^Rp COS 2 tt>R F f + 2V RF VlO COS &)Rpf COS <D LO t + Vl Q COS 2 &> L of) 

Ql 

= ~^ [^Rf(! + cos 2&, RfO + ^loC 1 + cos 2 <WLOf ) + 2V RF Vlo cos(&> rf - &>Lo)f 

+ 2VrfVlO COS((Mrf + <WL0)f]- 

This result is seen to contain several new signal components, only one of which produces 
the desired IF difference product. The two DC terms again will be blocked by the blocking 
capacitors, and the 2&>rf, 2&>lo, and &>rf + &>lo terms will be blocked by the low-pass 
filter. This leaves the IF output current as 

Ql 

iw(t) = ^VrfVlocosc^, (13.101) 

where a>ip = &>rf — ct>ix> ^ s t ' le ^ frequency. The spectrum of the down-converting single- 
ended mixer is thus identical to that of the idealized mixer shown in Figure 13.24b. 



Single-Ended FET Mixer 

There are several FET parameters that offer nonlinearities that can be used for mixing, but 
the strongest is the transconductance, g m , when the FET is operated in a common source 
configuration with a negative gate bias. Figure 13.26 shows the variation of transconduc- 
tance with gate bias for a typical FET. When used as an amplifier, the gate bias voltage is 
chosen near zero, or slightly positive, so the transconductance is near its maximum value, 
and the transistor operates as a linear device. When the gate bias is near the pinch-off re- 
gion, where the transconductance approaches zero, a small positive variation of gate volt- 
age can cause a large change in transconductance, leading to a nonlinear response. Thus 
the LO voltage can be applied to the gate of the FET to pump the transconductance to 




FIGURE 13.26 Variation of FET transconductance versus gate-to-source voltage. 
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FIGURE 13.27 Circuit for a single-ended FET mixer. 



switch the FET between high- and low-transconductance states, thus providing the desired 
mixing function. 

The circuit for a single-ended FET mixer is shown in Figure 13.27. A diplexing cou- 
pler is again used to combine the RF and LO signals at the gate of the FET. An impedance 
matching network is also usually required between the inputs and the FET, which typically 
presents a very low input impedance. RF chokes are used to bias the gate at a negative 
voltage near pinch-off, and to provide a positive bias for the drain of the FET. A bypass ca- 
pacitor at the drain provides a return path for the LO signal, and a low-pass filter provides 
the final IF output signal. 

Our analysis of the mixer of Figure 13.27 follows the original work described in ref- 
erence [12]. The simplified equivalent circuit is shown in Figure 13.28, and is based on 
the unilateral equivalent circuit of a FET introduced in Section 11.3. The RF and LO 
input voltages are given in (13.98) and (13.99). Let Z g — R g + jX g be the Thevenin 
source impedance for the RF input port, and let Zl — Rl + j Xl be the Thevenin source 
impedance at the IF output port. These impedances are complex to allow a conjugate match 
at the input and output ports for maximum power transfer. The LO port has a real genera- 
tor impedance of Zq since we are not concerned with maximum power transfer for the LO 
signal. 

Since the FET transconductance is driven by the LO signal, its time variation can be 
expressed as a Fourier series in terms of harmonics of the LO: 



Because we do not have an explicit formula for the transconductance, we cannot calcu- 
late directly the Fourier coefficients of (13.102), but must rely on measurements for these 



CX! 




(13.102) 



n=l 




O 



UF) 



FIGURE 13.28 Equivalent circuit for the FET mixer of Figure 13.27. 
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values. As we will see, the desired down-conversion result is due solely to the n — 1 term 
of the Fourier series, so we only need the g\ coefficient. Measurements typically give a 
value in the range of 10 mS for g\. 

The conversion gain of the FET mixer can be found as 



V 



IF 



Rl 



^IF-avail 
^RF- avail 



\Zl\ 



Wrf\ z 
4-R, 



V 



IF 



Vrf 



(13.103) 



where V^ F is the IF drain voltage, and the impedances Z g and Zl are chosen for maximum 
power transfer at the RF and IF ports. The RF frequency component of the phasor volt- 
age across the gate-to-source capacitance is given in terms of the voltage divider between 
Z g , Ri, and C gs : 



yRF _ 



Vrf 



Vrf 



(Ri + Zg) 



1 + j(»RFC gs (Ri + Zg) 



(13.104) 



Multiplying the transconductance of (13.102) by vf F (f ) = V L RF cos &>Rpf gives terms of the 
form 



gm (t ) vf ¥ (t ) = go V C RF cos <wrf t + 2gi y c RF cos ft> RF f cos ft) L o t + ■■ 



(13.105) 



The down-converted IF frequency component can be extracted from the second term of 
(13.105) using the usual trigonometric identity 



,(0^(0 



RF 

= g\V c coswipf, 



(13.106) 



where carp = &>rf — &>lo- Then the IF component of the drain voltage is, in phasor form, 



V, 



IF 



-8lV t 



RF 



R d z L 



-gi Vrf 



R d + Z L J 1 + jcoRpCgARi + Zg) \R d + z L y 



RdZh 



(13.107) 



where (13.104) has been used. Using this result in (13.103) gives the conversion gain (be- 
fore conjugate matching) as 



not 

matched 



/ lg\R d 
\wrfC^ 



Re 



Rl 



(Ri + Rg) 2 + 



\ CORpCgs ) 



[(Rd + Rl) 2 + X 2 L \ 



We now conjugately match the RF and IF ports to maximize the conversion gain. Thus we 
let Rg — Rj , X g — l/a)KFCg S , Ri — Rd, and Xi — 0, which reduces the above result to 



G r — 



g{Rd 



(13.108) 



The quantities g\, Rj, Ri, and C gs are all parameters of the FET. Practical mixer circuits 
generally use matching circuits to transform the FET impedance to 50 £2 for the RF, LO, 
and IF ports. 
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EXAMPLE 13.8 MIXER CONVERSION GAIN 

A single-ended FET mixer is to be designed for a wireless local area network re- 
ceiver operating at 2.4 GHz. The parameters of the FET are Rd — 300 Q, Ri — 
10 £2, C gs — 0.3 pF, and g\ — 10 mS. Calculate the maximum possible conver- 
sion gain. 

Solution 

This is a straightforward application of the formula for conversion gain given in 
(13.108): 

G C = f« = (1 ° 2 X 10 " 3)2( 9 3 ° 2 0) = 36.6 = 15.6 dB. 
4col P C 2 gs Ri 4(2tt) 2 (2.4 x 10 9 ) 2 (10) 

Note that this value does not include losses due to the necessary impedance match- 
ing networks. ■ 



Balanced Mixer 

RF input matching and RF-LO isolation can be improved through the use of a balanced 
mixer, which consists of two single-ended mixers combined with a hybrid junction. 
Figure 13.29 shows the basic configuration, with either a 90° hybrid (Figure 13.29a), or a 
180° hybrid (Figure 13.29b). As we will see, a balanced mixer using a 90° hybrid junc- 
tion will ideally lead to a perfect input match at the RF port over a wide frequency range, 
while the use of a 180° hybrid will ideally lead to perfect RF-LO isolation over a wide fre- 
quency range. In addition, both mixers will reject all even-order intermodulation products. 
Figure 13.30 shows a photograph of a microstrip circuit that contains several balanced 
mixers. 

We can analyze the performance of a balanced mixer using the small-signal approach 
that was used for the single-ended diode mixer. Here we will concentrate on the balanced 
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FIGURE 13.29 Balanced mixer circuits, (a) Using a 90° hybrid, (b) Using a 1 80° hybrid. 
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FIGURE 13.30 Photograph of a 35 GHz microstrip monopulse radar receiver circuit. Three bal- 
anced mixers using ring hybrids can be seen, along with three stepped-impedance 
low-pass filters, and six quadrature hybrids. Eight feedlines are aperture coupled 
to microstrip antennas on the reverse side. The circuit also contains a Gunn diode 
source for the local oscillator. 
Courtesy of Millitech Inc., Northampton, Mass. 



mixer with a 90° hybrid, shown in Figure 13.29a, and leave the 180° hybrid case as a 
problem. As usual, let the RF and LO voltages be defined as 



tfRF(0 = VRFCOStt>R F f, 



and 



VLO(t) = VLOCOStt> LO f. 

From Section 7.5, the scattering matrix for the 90° hybrid junction is 



[S] = 



-1 



0 j 1 0 

j 0 0 1 

10 0; 

L0 1 j 0J 



(13.109) 



(13.110) 



(13.111) 
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where the ports are numbered as shown in Figure 13.29a. The total RF and LO voltages 
applied to the two diodes can then be written as 

Vl (t) = [ Vrf cos (coRFt - 90°) + Vlocos (couot - 180°)] 
V2 

1 

= — (Vrf sin &)Rpf - V L ocos&> L of), (13.112a) 
V2 

v 2 (t) = ^— [Vrf cos (coRpt - 180°) + V LO cos (co LO t - 90°)] 
V2 

= (-VRFCOsiWRFf + Vlo sintULoO- (13.112b) 
V2 

Using only the quadratic term from the small-signal diode approximation of (11.6) gives 
the diode currents as 

i\{t) = Kv\ = — (Vr F sin 2 &> RF f - 2 Vrf Vlo sin a> RF cos co^ot + V^o cos 2 a> LO t) , 

(13.113a) 

hit) = -Kv\ - (Vr F cos 2 WRFf - 2 Vrf Vlo cos &> rf sin a> LO t + vl Q sin 2 a> LO t) , 

(13.113b) 

where the negative sign on ii accounts for the reversed diode polarity, and K is a constant 
for the quadratic term of the diode response. Adding these two currents at the input to the 
low-pass filter gives 

g 

h(t) + '2(0 = —j- (Vr F cos 2&)rf? + 2 Vrf Vlo sin cojpt - V^q cos 2&> L of) , 

where the usual trigonometric identities have been used, and cojf — corf — &>lo is the IF 
frequency. Note that the DC components of the diode currents cancel upon combining. 
After low-pass filtering, the IF output is 

i IF (t) = -/rVRFVLosinwipf, (13.114) 

as desired. 

We can also calculate the input match at the RF port and the coupling between the 
RF and LO ports. If we assume the diodes are matched and that each exhibits a voltage 
reflection coefficient T at the RF frequency, then the phasor expression for the reflected RF 
voltages at the diodes will be 

-/TVrf 

V r , = rVi = J , (13.115a) 
V2 

— r Vrf 

Vr 2 = TV 2 = — y^. (13.115b) 
V2 
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These reflected voltages appear at ports 2 and 3 of the hybrid, respectively, and com- 
bine to form the following outputs at the RF and LO ports: 

„p -jV r , V r , 1 1 
yRF = - -U = _ rVRF+ -rVRF = 0, (13.116a) 

V2 V2 2 2 

In -V r , V r , 1 1 
V r LO = —j± -J^= = 2^ Ty RF + 2 jrVRF = ^ TVrRF - (13-1 16b) 

Thus we see that the phase characteristics of the 90° hybrid lead to perfect cancellation of 
reflections at the RF port. The isolation between the RF and LO ports, however, is depen- 
dent on the matching of the diodes, which may be difficult to maintain over a reasonable 
frequency range. 



Image Reject Mixer 

We have already discussed the fact that two distinct RF input signals at frequencies cdrf = 
o>lo i &>if will down-convert to the same IF frequency when mixed with &>lo- These two 
frequencies are the upper and lower sidebands of a double-sideband signal. The desired 
response can be arbitrarily selected as either the LSB (&>lo — <wif) or the USB (&>lo + <wn>), 
assuming a positive IF frequency. The image reject mixer, shown in Figure 13.31, can be 
used to isolate these two responses into separate output signals. The same circuit can also 
be used for up-conversion, in which case it is usually called a single- sideband modulator. 
In this case, the IF input signal is delivered to either the LSB or the USB port of the IF 
hybrid, and the associated single-sideband signal is produced at the RF port of the mixer. 

We can analyze the image reject mixer using the small-signal approximation. Let the 
RF input signal be expressed as 

vrfW = Vu cosOwlo + a>w)t + V L cos(w L o - a>w)t, (13.117) 

where Vu and Vl represent the amplitudes of the upper and lower sidebands, respectively. 
Using the scattering matrix given in (13.1 1 1) for the 90° hybrid gives the RF voltages at 
the diodes as 

v A (t) = ' [V v cos (co LO t + coxpt - 90°) + V L cos (« LO f - co w t - 90°)] 
V2 

1 

= — p[Vj/ sin(&>LO + o>iF)f + Vl sin(&> L o - «iF)f], (13.118a) 
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FIGURE 13.31 Circuit for an image reject mixer. 
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v B (t) - [Vu cos (co LO t + coipt - 180°) + V L cos (co LO t - cojpt - 180°)] 

= —^[Vu COS(&>LO + &>IF)f + Vl cos(&> L o - <ow)t]. (13.118b) 

After mixing with the LO signal of (13.1 10) and low-pass filtering, the IF inputs to the IF 
hybrid are 

4(0 = (Vf/ " V L )^a3 l¥ t, (13.119a) 



2V2 



4(0 = ^ (Vu + V L )cosw 1P t, (13.119b) 



where K is the mixer constant for the squared term of the diode response. The phasor 
representation of the IF signals of (13.1 19) is 

V4 = 2 ^ ( y u ~ Vl), (13.120a) 

V| = 2 J^° {Vu + V L ). (13.120b) 

Combining these voltages in the IF hybrid gives the following outputs: 

Vji Vl KV LO V L 

Vi = -j-^--^ = =*=—^ (LSB), (13.121a) 

V2 V2 2 

y 2 = _M _ jYl = -JKVloVu 
V2 V2 2 

which we see are the separate sidebands of the down-converted input signal of (13.117). 
These outputs can be expressed in time domain form as 

KV LO V L 

Vl (t) = y-^coswipf, (13.122a) 

v 2 (t) = y-^ sinanpt, (13.122b) 

which clearly shows the presence of a 90° phase shift between the two sidebands. Also 
note that the image rejection mixer does not incur any additional losses beyond the usual 
conversion losses of the single rejection mixer. A practical difficulty with image rejection 
mixers is in fabricating a good hybrid at the relatively low IF frequency. Losses, and hence 
noise figure, are also usually greater than for a simpler mixer. 



Differential FET Mixer and Gilbert Cell Mixer 

The mixer shown in Figure 13.32a uses two FETs in a differential balanced configuration, 
similar to the differential amplifier discussed in Section 12.4. The LO input voltage and IF 
output voltage are balanced signals; baluns may be used at these ports to convert to single- 
ended signals. The RF input is single ended, and is applied to the bottom transistor. The 
RF and LO voltages can be written as 



vrf (/) — Vrfcoswrf? 
^lo (0 = ±V LO cos&> LO f 



(13.123a) 
(13.123b) 
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(c) 



FIGURE 13.32 (a) A singly balanced differential FET mixer, (b) Simplified equivalent circuit. 

(c) LO voltage waveform and idealized switching waveform of the top left FET. 



Conceptually, the circuit operates as an alternating switch, with the LO turning the top 
two FETs on and off with alternate half-cycles of the LO voltage. As with the differential 
mode of the differential amplifier, the connection between the sources of the upper FETs 
is a virtual ground for the LO voltage. These transistors are biased slightly above pinch- 
off, so each will be conducting for slightly more than half of each LO cycle. During the 
positive half-cycle of v£ Q the top left FET will conduct with a low resistance, and it will 
turn off during the negative half cycle. During the positive half cycle of uj~ 0 (which occurs 
during the negative half cycle of v£ 0 ) the top right FET will turn on. Thus, one of the 
upper FETs is always conducting. The lower FET is biased into saturation and operates as 
a normal RF amplifier, providing RF current through the upper switches. The RF current at 
the drain of the bottom FET is approximately /rf = g m Vrf- The RF and LO ports require 
impedance matching, and the IF output circuit should provide a return path to ground for 
the LO signal. A current source, or inductive degeneration, is often used on the source of 
the lower FET. 

A simplified equivalent circuit is shown in Figure 13.32b, with the upper FETs re- 
placed with ideal switches. The effect of the switches can be modeled by using a Fourier 
series for the idealized conductance waveform shown in Figure 13.32c. The first few terms 
of this Fourier series can be found as 

12 2 

g (t) = - H coscolo? - -r— cos3&>Lof H (13.124) 

2 7T 3jt 
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FIGURE 13.33 A Gilbert cell mixer. 



Then the voltages at the IF terminals can be expressed as 

'1 2 



v w ( f ) = ~8 (0 IrfRd = -gmVR F R D 



cos &>LO f I cos teRpt (13.125a) 



/ 1 2 \ 

V IF ( f ) = - [1 - ^ (0] IRFRD = -gmVRpRD I ^ ~ — cos w Lof I cos« RF f, (13.125b) 
where we have retained only the first two terms of (13.124). The net output IF voltage is 



, _ -4 

Vjp (t) - vZ (f) - t>jp (/) - g m VrfRd COS CO LO t COS WRFf. 

7T 



(13.126) 



Note that voltages at the RF and LO frequencies are canceled (without filtering), leaving 
only terms at the frequencies &>lo ± ^RF- After low-pass filtering, the IF output is 



UIF (f ) 



= gm VrfRd COS (tii F t . 



LPF 
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The Gilbert cell mixer, shown in Figure 13.33, uses two singly balanced FET mixers 
of the type shown in Figure 13.32a to form a double-balanced mixer. It has fully balanced 
(differential) ports for LO, RF, and IF signals. Due to the symmetry of the circuit and its ex- 
citations, the RF and LO signals are canceled at the IF output port. Operation is the same as 
the singly balanced FET mixer, with the four upper FETs operating as switches controlled 
by the LO voltage, and the lower two FETs operating as a balanced amplifier for the RF 
input signal. The circuit of Figure 13.33 includes a current source at the sources of the 
amplifier FETs. This mixer is frequently used in CMOS RFICs for wireless applications. 



Other Mixers 

There are a number of other mixer circuits that provide various advantages in terms of 
bandwidth, harmonic generation, and intermodulation products. The double-balanced mixer 
of Figure 13.34 uses two hybrid junctions or transformers, and provides good isolation be- 
tween all three ports, as well as rejection of all even harmonics of the RF and LO signals. 
This leads to very good conversion loss, but less than ideal input matching at the RF port. 
The double-balanced mixer also provides a higher third-order intercept point than either a 
single-ended mixer or a balanced mixer. 
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FIGURE 13.35 Subharmonically pumped mixer using an antiparallel diode pair. 



Figure 13.35 shows the circuit for an antiparallel diode mixer, which is often used for 
subharmonically pumped millimeter wave frequency conversion. The back-to-back diodes 
function as a frequency doubler, thus requiring an LO frequency of one-half the usual 
value. The diode nonlinearity operates as a resistive frequency multiplier to generate the 
second harmonic of the LO to mix with the RF input to produce the desired output fre- 
quency. The antiparallel diode pair has a symmetric I-V characteristic that suppresses the 
fundamental mixing product of the RF and LO input signals, leading to better conversion 
loss. A photograph of a SiGe MMIC down-converter using a subharmonic mixer is shown 
in Figure 13.36. 

Table 13.1 summarizes the characteristics of several of the mixers that we have 
discussed. 



TABLE 13.1 Mixer Characteristics 



Mixer 
Type 


Number of 


RF Input 


RF-LO 


Conversion 


Third-Order 


Single ended 


1 


Poor 


Fair 


Good 


Fair 


Balanced (90°) 


2 


Good 


Poor 


Good 


Fair 


Balanced (180°) 


2 


Fair 


Excellent 


Good 


Fair 


Double balanced 


4 


Poor 


Excellent 


Excellent 


Excellent 


Image reject 


2 or 4 


Good 


Good 


Good 


Good 
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A. 

RF 
Input 

(b) 

FIGURE 13.36 (a) Photograph of a monolithic integrated millimeter wave down converter using 
silicon germanium (SiGi). (b) Block diagram of the chip. The circuit operates 
from 43.5 to 45.5 GHz and includes differential LNA, LO, and IF amplifiers, a 
differential subharmonic mixer, and an off-chip RF filter. The noise figure is less 
than 6 dB. 

Courtesy of Hittite Microwave Corporation. 
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PROBLEMS 



13.1 Derive the admittance matrix representation of the transistor oscillator circuit given in (13.3). 

13.2 Derive the results in (13.20)-(13.22) for a Colpitts oscillator using a common emitter transistor with 
an inductor having a series resistance R. 

13.3 Design a Colpitts oscillator operating at 200 MHz using an FET in a common gate configuration, in- 
cluding the effect of a lossy inductor. First derive equations for the resonant frequency and condition 
required for sustaining oscillation for an inductor with loss, corresponding to equations (13.20)- 
(13.22) for the BJT case. Use these results to find the required capacitances, assuming an inductor of 
15 nH with a Q of 50, and a transistor with g m — 20 mS and R„ — i/G 0 — 200 £2. Determine the 
minimum value of the inductor Q required to sustain oscillations. 

13.4 Prove that the standard Smith chart can be used for negative resistances by plotting 1/T* (instead 
of T). In this case, the resistance circle values are read as negative, while the reactance circles are 
unchanged. 

13.5 Design a transistor oscillator at 1.9 GHz using a silicon BJT in a common emitter configuration 
driving a 50 Q load on the drain side. The scattering parameters are as follows (Zq = 50 Q): Su = 
0.72/157°, 512 = 0.15/56°, % = 1.9/52°, and S 22 = 0.63Z-63 0 . Choose F L for |r in | » l,and 
design appropriate load and terminating networks. 

13.6 Repeat the oscillator design of Example 13.4 by replacing the dielectric resonator and microstrip 
feedline with a single-stub tuner to match F$ to a 50 Q load. Find the Q of the tuner and 50 Q 
load, then compute and plot |r out | versus Af/fy. Compare with the result in Figure 13.12b for the 
dielectric resonator case. 

13.7 Repeat the dielectric oscillator design of Example 13.4 using a GaAs MESFET having the fol- 
lowing scattering parameters: S n = 1.2/150°, S l2 = 0.2/120°, S 2 i = 3.7/-72°, and S 22 = 
1.3/-67°. 

13.8 A HEMT device in the common gate configuration has the following scattering parameters at 8 GHz 
(Z 0 = 50 Q): S n = 0.46/178°, 5 12 = 0.045/73°, 5 21 = 1.4lZ-19°, 5 22 = 1.02/- 12°. For ap- 
plication in an oscillator, a series inductor is added to the gate, as shown below, to increase instability. 
Compute and plot the /x-stability factor for L ranging from 0 to 20 nH, and determine the value that 
maximizes instability. (This can most easily be done with a microwave CAD package.) 
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13.9 An oscillator uses an amplifier with a noise figure of 6 dB and a resonator having a Q of 500, 
and produces a 100 MHz output at a power level of 10 dBm. If the measured f a is 50 kHz, plot the 
spectral density of the output noise power, and determine the phase noise (in dBc/Hz) at the following 
frequencies: (a) at 1 MHz from the carrier; (b) at 10 kHz from the carrier (assume K = 1). 

13.10 Repeat Problem 13.10 for f a = 200 kHz. 

13.11 Derive Equation (13.50) giving the required phase noise for a specified receiver selectivity. 

13.12 Find the necessary LO phase noise specification if an 860 MHz cellular receiver with a 30 kHz 
channel spacing is required to have an adjacent channel rejection of 80 dB, assuming the interfering 
channel is at the same level as the desired channel. The final IF voice bandwidth is 12 kHz. 

13.13 Apply the Manley-Rowe relations to an up-converting mixer. Assume a nonlinear reactance is ex- 
cited at frequencies f\ (RF) and fa (LO), and terminated with open circuits at all other frequencies 
except fa = fa + fa. Show that the maximum possible conversion gain is given by —P\i/Pw = 
1 + a>ila>\. 

13.14 Derive the relation between pulse duration and gate voltages given in (13.73) for the FET frequency 
multiplier. 

13.15 A double-sideband signal of the form URp(f) = Vrf[cos(&>lo ~~ <>>w)t + cos(&>lo + ^If) ? ] ls ap- 
plied to a mixer with an LO voltage given by i>lo(0 = VlO cos «Lo f - Derive the output of the 
mixer after low-pass filtering. 

13.16 A diode has an I-V characteristic given by i(t) = I s (e ^' — 1). Let v(t) = 0.1 cos w\t + 0.1cos a>2t, 
and expand i(t) in a power series in v, retaining only the v, v 2 , and i> 3 terms. For I s = 1 A, find the 
magnitudes of the current at each frequency. 

13.17 An RF input signal at 1800 MHz is down-converted in a mixer to an IF frequency of 87 MHz. What 
are the two possible LO frequencies and the corresponding image frequencies? 

13.18 Consider a diode mixer with a conversion loss of 5 dB and a noise figure of 4 dB, and a FET mixer 
with conversion gain of 3 dB and a noise figure of 8 dB. If each of these mixers is followed by an 
IF amplifier having a gain of 30 dB and a noise figure Fa , as shown below, calculate and plot the 
overall noise figure for both amplifier-mixer configurations for Fa = 0-10 dB. 



Amp pet J Amp 

G = 30 dB G c = 3 dB G = 30 dB 

F A = 0-10dB ^„ = 8dB F A = 0-10dB 



13.19 Let 7ssb be the equivalent noise temperature of a mixer receiving a SSB signal, and TrjsB be the 
temperature when it receives a DSB signal. Compute the output noise powers in each case, and show 
that Tssb = 2TrjsB' ar, d that therefore FgsB — 2-fbsB- Assume that the conversion gains for the 
signal and its image are identical. 

13.20 If the noise power N[ — kTB is applied at the RF input port of a mixer having noise figure F (DSB) 
and conversion loss L c , what is the available output noise power at the IF port? Assume the mixer is 
at a physical temperature Tq. 



Diode 
mixer 




L c = 5dB 
F w = 4dB 
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13.21 A phase detector produces an output signal proportional to the phase difference between two RF 
input signals. Let these input signals be expressed as 

V\ — VQCOSWt, 

= vq cos(ft>f + 8). 

If these two signals are applied to a single-balanced mixer using a 90° hybrid, show that the IF output 
signal, after low-pass filtering, is given by 

i — IcVq sin 6, 

where k is a constant. If the mixer uses a 180° hybrid, show that the corresponding output signal is 
given by 

i = IcVqCosO. 

13.22 Analyze a balanced mixer using a 180° hybrid junction. Find the output IF current, and the input 
reflections at the RF and LO ports. Show that this mixer suppresses even harmonics of the LO. 
Assume that the RF signal is applied to the sum port of the hybrid, and that the LO signal is applied 
to the difference port. 

13.23 For an image rejection mixer, let the RF hybrid have a dissipative insertion loss of Lr and the IF 
hybrid have a dissipative insertion loss of Lj. If the component single-ended mixers each have a 
conversion loss L c and noise figure F, derive expressions for the overall conversion loss and noise 
figure of the image rejection mixer. 



Chapter Fourteen 



Introduction to Microwave 
Systems 



A microwave system consists of passive and active microwave components arranged to 
perform a useful function. Probably the two most important examples are microwave com- 
munication systems and microwave radar systems, but there are many others. In this chapter 
we will discuss the basic operation of several types of microwave systems to give a general 
overview of the application of microwave technology, and to show how the subjects of earlier 
chapters fit into the overall scheme of complete microwave systems. 

An important component in any radar or wireless communication system is the antenna, so 
we will first discuss some of the basic properties of antennas. Then we treat wireless commu- 
nication, radar, and radiometry systems as important applications of RF and microwave tech- 
nology. We also briefly discuss propagation effects, biological effects, and other miscellaneous 
applications. 

All of these topics are of sufficient depth that many books have been written for each. Our 
purpose here is to introduce these topics as a way of placing the earlier material in this book 
in the larger context of practical system applications. The interested reader is referred to the 
references at the end of the chapter for more complete treatments. 



SYSTEM ASPECTS OF ANTENNAS 

In this section we describe some of the basic characteristics of antennas that will be needed 
for our study of microwave communications, radar, and remote sensing systems. We are 
interested here not in the detailed electromagnetic theory of antenna operation, but rather 
in the systems aspect of the operation of an antenna in terms of its radiation patterns, di- 
rectivity, gain, efficiency, and noise characteristics. References [1] and [2] can be reviewed 
for a more in-depth treatment of the fascinating subject of antenna theory and design. 
Figure 14.1 shows some of the different types of antennas that have been developed for 
commercial wireless systems. 
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FIGURE 14.1 Photograph of various millimeter wave antennas. Clockwise from top: a high-gain 
38 GHz reflector antenna with radome, a prime-focus parabolic antenna, a corru- 
gated conical horn antenna, a 38 GHz planar microstrip array, a pyramidal horn 
antenna with a Gunn diode module, and a multibeam reflector antenna. 



A transmitting antenna can be viewed as a device that converts a guided electromag- 
netic wave on a transmission line into a plane wave propagating in free space. Thus, one 
side of an antenna appears as an electrical circuit element, while the other side provides 
an interface with a propagating plane wave. Antennas are inherently bidirectional, in that 
they can be used for both transmit and receive functions. Figure 14.2 illustrates the basic 



Plane wave 




Receive 
antenna 



FIGURE 14.2 Basic operation of transmitting and receiving antennas. 
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operation of transmitting and receiving antennas. The transmitter can be modeled as a 
Thevenin source consisting of a voltage generator and series impedance, delivering a power 
P t to the transmitting antenna. A transmitting antenna radiates a spherical wave that, at 
large distances, approximates a plane wave over a localized area. A receiving antenna in- 
tercepts a portion of an incident plane wave, and delivers a receive power P r to the receiver 
load impedance. 

A wide variety of antennas have been developed for different applications, as summa- 
rized in the following categories: 

• Wire antennas include dipoles, monopoles, loops, sleeve dipoles, Yagi-Uda arrays, 
and related structures. Wire antennas generally have low gains, and are most often 
used at lower frequencies (HF to UHF). They have the advantages of light weight, 
low cost, and simple design. 

• Aperture antennas include open-ended waveguides, rectangular or circular horns, 
reflectors, lenses, and refiectarrays. Aperture antennas are most commonly used at 
microwave and millimeter wave frequencies, and have moderate to high gains. 

• Printed antennas include printed slots, printed dipoles, and microstrip patch an- 
tennas. These antennas can be made with photolithographic methods, with both 
radiating elements and associated feed circuitry fabricated on dielectric substrates. 
Printed antennas are most often used at microwave and millimeter wave frequencies, 
and can be easily arrayed for high gain. 

• Array antennas consist of a regular arrangement of antenna elements with a feed 
network. Pattern characteristics such as beam pointing angle and sidelobe levels can 
be controlled by adjusting the amplitude and phase excitation of the array elements. 
An important type of array antenna is the phased array, in which variable-phase 
shifters are used to electronically scan the main beam of the antenna. 



Fields and Power Radiated by an Antenna 

While we do not require detailed solutions to Maxwell's equations for our purposes, we do 
need to be familiar with the far-zone electromagnetic fields radiated by an antenna. Con- 
sider an antenna located at the origin of a spherical coordinate system. At large distances, 
where the localized near-zone fields are negligible, the radiated electric field of an arbitrary 
antenna can be expressed as 

_ e -.i k or 

E{r,6,<t>) = [6F e (6, (/>)+</> F 0 (0, </>)]— — V/m, (14.1) 

where E is the electric field vector, 6 and cp are unit vectors in the spherical coordinate 
system, r is the radial distance from the origin, and Icq — 2tt/X is the free-space propaga- 
tion constant, with wavelength X — c/f. Also defined in (14.1) are the pattern functions, 
F$(6, (p) and F$(0, cf>). The interpretation of (14.1) is that this electric field propagates in 
the radial direction with a phase variation of e~ ' kar and an amplitude variation with dis- 
tance of 1/r . The electric field may be polarized in either the 6 or (/> direction, but not in the 
radial direction, since this is a TEM wave. The magnetic fields associated with the electric 
field of (14.1) can be found from (1.76) as 

Ee 

H^ = —, (14.2a) 

no 

H e = ^, (14.2b) 

■no 
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where r]o — 377 Q, the wave impedance of free-space. Note that the magnetic field vector 
is also polarized only in the transverse directions. The Poynting vector for this wave is 
given by (1.90) as 

S = E x H* W/m 2 , (14.3) 
and the time-average Poynting vector is 

S avg = I Re {S} = ^ Re {E x H*} W/m 2 . (14.4) 

We mentioned earlier that at large distances the near fields of an antenna are negli- 
gible, and that the radiated electric field can be written as in (14.1). We can give a more 
precise meaning to this concept by defining the far-field distance as the distance where the 
spherical wave front radiated by an antenna becomes a close approximation to the ideal 
planar phase front of a plane wave. This approximation applies over the radiating aperture 
of the antenna, and so it depends on the maximum dimension of the antenna. If we call this 
maximum dimension D, then the far-field distance is defined as 

2D 2 

Rff = — m. (14.5) 

This result is derived from the condition that the actual spherical wave front radiated by 
the antenna departs less than tt/8 = 22.5° from a true plane wave front over the maximum 
extent of the antenna. For electrically small antennas, such as short dipoles and small loops, 
this result may give a far-field distance that is too small; in this case, a minimum value of 
Rff — 2k should be used. 



EXAMPLE 14.1 FAR-FIELD DISTANCE OF AN ANTENNA 

A parabolic reflector antenna used for reception with the direct broadcast sys- 
tem (DBS) is 18 inches in diameter and operates at 12.4 GHz. Find the far-field 
distance for this antenna. 

Solution 

The operating wavelength at 12.4 GHz is 

c 3 x 10 8 

k = — = jr = 2.42 cm. 

/ 12.4 x 10 9 

The far-field distance is found from (14.5), after converting 18 inches to 0.457 m: 

2D 2 2(0.457) 2 

Rff — = = 17.3 m. 

33 k 0.0242 

The actual distance from a DBS satellite to Earth is about 36,000 km, so it is safe 
to say that the receive antenna is in the far-field of the transmitting antenna. ■ 

Next, define the radiation intensity of the radiated electromagnetic field as 

r 2 

U(9, 0) = r 2 |5 avg | = — Re {E e 0 x H$ + Erf x H£§} 

r 2 1 
= — [\E e \ 2 + \E^\ 2 ] = —[\F 9 \ 2 + |F 0 | 2 ] W, (14.6) 
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where (14.1), (14.2), and (14.4) were used. The units of the radiation intensity are watts, 
or watts per unit solid angle, since the radial dependence has been removed. The radiation 
intensity gives the variation in radiated power versus position around the antenna. We can 
find the total power radiated by the antenna by integrating the Poynting vector over the 
surface of a sphere of radius r that encloses the antenna. This is equivalent to integrating 
the radiation intensity over a unit sphere: 

P rad = j j S avg -?r 2 sm0d6d(p= J J U(6, 4>) sm9d0d(p. (14.7) 

0=0 0=0 0=0 0=0 



Antenna Pattern Characteristics 

The radiation pattern of an antenna is a plot of the magnitude of the far-zone field strength 
versus position around the antenna, at a fixed distance from the antenna. Thus the radiation 
pattern can be plotted from the pattern function Fg(9, (/>) or F^iO, </>), versus either the 
angle 9 (for an elevation plane pattern) or the angle (f> (for an azimuthal plane pattern). 
The choice of plotting either Fg or is dependent on the polarization of the antenna. 

A typical antenna pattern is shown in Figure 14.3. This pattern is plotted in polar form, 
versus the elevation angle, 6, for a small horn antenna oriented in the vertical direction. The 
plot shows the relative variation of the radiated power of the antenna in dB, normalized to 
the maximum value. Since the pattern functions are proportional to voltage, the radial scale 
of the plot is computed as 20 log \F(6,(p)\; alternatively, the plot could be computed in 
terms of the radiation intensity as 10 log | U (6 , <j)) \ . The pattern may exhibit several distinct 
lobes, with different maxima in different directions. The lobe having the maximum value 
is called the main beam, while those lobes at lower levels are called sidelobes. The pattern 
of Figure 14.3 has one main beam at 6 — 0 and several sidelobes, the largest of which are 
located at about 6 — ±16°. The level of these sidelobes is 13 dB below the level of the 
main beam. Radiation patterns may also be plotted in rectangular form; this is especially 
useful for antennas having a narrow main beam. 




FIGURE 14.3 The E-plane radiation pattern of a small horn antenna. The pattern is normalized 
to 0 dB at the beam maximum, with 10 dB per radial division. 
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A fundamental property of an antenna is its ability to focus power in a given direction, 
to the exclusion of other directions. Thus an antenna with a broad main beam can transmit 
(or receive) power over a wide angular region, while an antenna having a narrow main 
beam will transmit (or receive) power over a small angular region. One measure of this 
focusing effect is the 3 dB beamwidth of the antenna, defined as the angular width of the 
main beam at which the power level has dropped 3 dB from its maximum value (its half- 
power points). The 3 dB beamwidth of the pattern of Figure 14.3 is about 10°. Antennas 
having a constant pattern in the azimuthal plane are called omnidirectional, and are useful 
for applications such as broadcasting or for hand-held wireless devices, where it is desired 
to transmit or receive equally in all directions. Patterns that have relatively narrow main 
beams in both planes are known as pencil beam antennas, and are useful in applications 
such as radar and point-to-point radio links. 

Another measure of the focusing ability of an antenna is the directivity, defined as the 
ratio of the maximum radiation intensity in the main beam to the average radiation intensity 
over all space: 

fAnax 47rf/ m ax 47T f/ ma x (14 8) 

/ / U(9,<j>)smed6d<p 

6>=0 0=0 

where (14.7) has been used for the radiated power. Directivity is a dimensionless ratio of 
power, and is usually expressed in dB as D(dB) = 101og(D). 

An antenna that radiates equally in all directions is called an isotropic antenna. Apply- 
ing the integral identity that 

J j sm6d9d(p = An 

9=0 0=0 

to the denominator of (14.8) for U(8,<f>) — 1 shows that the directivity of an isotropic ele- 
ment is D — 1, or 0 dB. Since the minimum directivity of any antenna is unity, directivity 
is sometimes stated as relative to the directivity of an isotropic radiator, and written as dBi. 
Typical directivities for some common antennas are 2.2 dB for a wire dipole, 7.0 dB for a 
microstrip patch antenna, 23 dB for a waveguide horn antenna, and 35 dB for a parabolic 
reflector antenna. 

Beamwidth and directivity are both measures of the focusing ability of an antenna: 
an antenna pattern with a narrow main beam will have a high directivity, while a pattern 
with a wide beam will have a lower directivity. We might therefore expect a direct relation 
between beamwidth and directivity, but in fact there is not an exact relationship between 
these two quantities. This is because beamwidth is only dependent on the size and shape 
of the main beam, whereas directivity involves integration of the entire radiation pattern. 
Thus it is possible for many different antenna patterns to have the same beamwidth but 
quite different directivities due to differences in sidelobes or the presence of more than one 
main beam. With this qualification in mind, however, it is possible to develop approximate 
relations between beamwidth and directivity that apply with reasonable accuracy to a large 
number of practical antennas. One such approximation that works well for antennas with 
pencil beam patterns is the following: 

32,400 

D = — , (14.9) 

where 6\ and 62 are the beamwidths in two orthogonal planes of the main beam, in degrees. 
This approximation does not work well for omnidirectional patterns because there is a 
well-defined main beam in only one plane for such patterns. 
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EXAMPLE 14.2 PATTERN CHARACTERISTICS OF A DIPOLE ANTENNA 

The far-zone electric field radiated by an electrically small wire dipole antenna 
oriented on the z-axis is given by 

e -jh>r 

Eg(r, 9, ((>) = V Q sinO V/m, 

r 

E <p (r,6,4>)=0. 

Find the main beam position of the dipole antenna, its beamwidth, and its direc- 
tivity. 

Solution 

The radiation intensity for the above far-field is 

U(9,4>) = C sin 2 6», 

where the constant C — V 0 2 /2^o- The radiation pattern is seen to be independent 
of the azimuth angle </>, and so is omnidirectional in the azimuthal plane. The 
pattern has a "donut" shape, with nulls at 9 — 0 and 9 — 180° (along the z-axis), 
and a beam maximum at 9 — 90° (the horizontal plane). The angles where the 
radiation intensity has dropped by 3 dB are given by the solutions to 

sin 2 9 = 0.5; 

thus the 3 dB, or half-power, beamwidth is 135° - 45° = 90°. 

The directivity is calculated using (14.8). The denominator of this expression 

is 



7i In ji 

j j U(G,<l>)sm0d0d<i> = 2nC j sin 3 9d9 = 2irC (J^j 



8jtC 
~3~' 



0=0 0=0 



where the required integral identity is listed in Appendix D. Since U max = C, the 
directivity reduces to 

D = - = 1.76dB. ■ 

2 



Antenna Gain and Efficien y 

Resistive losses, due to nonperfect metals and dielectric materials, exist in all practical 
antennas. Such losses result in a difference between the power delivered to the input of an 
antenna and the power radiated by that antenna. As with many other electrical components, 
we can define the radiation efficiency of an antenna as the ratio of the desired output power 
to the supplied input power: 

^rad Pin ~ ^loss -, ^loss , , . , „, 

fed = — = = 1 - — , (14.10) 

r m r m 'in 

where P ra d is the power radiated by the antenna, P; n is the power supplied to the input of 
the antenna, and fi oss is the power lost in the antenna. Note that there are other factors that 
can contribute to the effective loss of transmit power, such as impedance mismatch at the 
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input to the antenna, or polarization mismatch with the receive antenna. However, these 
losses are external to the antenna and could be eliminated by the proper use of matching 
networks, or the proper choice and positioning of the receive antenna. Therefore losses 
of this type are usually not attributed to the antenna itself, as are dissipative losses due to 
metal conductivity or dielectric loss within the antenna. 

Recall that antenna directivity is a function only of the shape of the radiation pattern 
(the radiated fields) of an antenna, and is not affected by losses in the antenna itself. To 
account for the fact that an antenna having a radiation efficiency less than unity will not 
radiate all of its input power, we define antenna gain as the product of directivity and 
efficiency: 

G = r, tad D. (14.11) 

Thus, gain is always less than or equal to directivity. Gain can also be computed directly, 
by replacing P ra( j in the denominator of (14.8) with P; n , since by the definition of radiation 
efficiency in (14.10) we have P ra( i = ^rad^in- Gain is usually expressed in dB, as G(dB) = 
101og(G). Sometimes the effect of impedance mismatch loss is included in the gain of an 
antenna; this is referred to as the realized gain [1]. 



Aperture Efficien y and Effective Area 

Many types of antennas can be classified as aperture antennas, meaning that the antenna 
has a well-defined aperture area from which radiation occurs. Examples include reflector 
antennas, horn antennas, lens antennas, and array antennas. For such antennas, it can be 
shown that the maximum directivity that can be obtained from an electrically large aperture 
of area A is given as 

An A 

For example, a rectangular horn antenna having an aperture Tk x 3X has a maximum direc- 
tivity of 247T, or about 19 dB. In practice, there are several factors that can serve to reduce 
the directivity of an antenna from its maximum possible value, such as nonideal amplitude 
or phase characteristics of the aperture field, aperture blockage, or, in the case of reflector 
antennas, spillover of the feed pattern. For this reason, we define an aperture efficiency as 
the ratio of the actual directivity of an aperture antenna to the maximum directivity given 
by (14.12). Then we can write the directivity of an aperture antenna as 

An A 

D = nap ^. (14.13) 

Aperture efficiency is always less than or equal to unity. 

The above definitions of antenna directivity, efficiency, and gain were stated in terms 
of a transmitting antennas, but they apply to receiving antennas as well. For a receiving 
antenna it is also of interest to determine the received power for a given incident plane wave 
field. This is the converse problem of finding the power density radiated by a transmitting 
antenna, as given in (14.4). Determining received power is important for the derivation of 
the Friis radio system link equation, to be discussed in the following section. We expect that 
received power will be proportional to the power density, or Poynting vector, of the incident 
wave. Since the Poynting vector has dimensions of W/m 2 , and the received power, P r , has 
dimensions of W, the proportionality constant must have units of area. Thus we write 

P r = A e S avg , (14.14) 
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where A e is defined as the effective aperture area of the receive antenna. The effective 
aperture area has dimensions of m 2 , and can be interpreted as the "capture area" of a 
receive antenna, intercepting part of the incident power density radiated toward the receive 
antenna. The quantity P r in (14.14) is the power available at the terminals of the receive 
antenna, as delivered to a conjugately matched load. 

The maximum effective aperture area of an antenna can be shown to be related to the 
directivity of the antenna as [1,2] 




(14.15) 



where A. is the operating wavelength of the antenna. For electrically large aperture antennas 
the effective aperture area is often close to the actual physical aperture area. However, 
for many other types of antennas, such as dipoles and loops, there is no simple relation 
between the physical cross-sectional area of the antenna and its effective aperture area. 
The maximum effective aperture area as defined above does not include the effect of losses 
in the antenna, which can be accounted for by replacing D in (14.15) with G, the gain, of 
the antenna. 



Background and Brightness Temperature 

We have seen how noise power is generated by lossy components and active devices, but 
noise can also be delivered to the input of a receiver by the antenna. Antenna noise power 
may be received from the external environment, or generated internally as thermal noise 
due to losses in the antenna itself. While noise produced within a receiver is controllable 
to some extent (by judicious design and component selection), the noise received from 
the environment by a receiving antenna is generally not controllable, and may exceed the 
noise level of the receiver itself. Thus it is important to characterize the noise power deliv- 
ered to a receiver by its antenna. 

Consider the three situations shown in Figure 14.4. In Figure 14.4a we have the simple 
case of a resistor at temperature T, producing an available output noise power 

N 0 — kTB, (14.16) 

where B is the system bandwidth and k is Boltzmann's constant. In Figure 14.4b we have 
an antenna enclosed by an anechoic chamber at temperature T. The anechoic chamber 
appears as a perfectly absorbing enclosure, and is in thermal equilibrium with the an- 
tenna. Thus the terminals of the antenna are indistinguishable from the resistor terminals of 
Figure 14.4a (assuming an impedance-matched antenna), and therefore it produces the 




FIGURE 14.4 Illustrating the concept of background temperature, (a) A resistor at temperature T . 

(b) An antenna in an anechoic chamber at temperature T. (c) An antenna viewing 
a uniform sky background at temperature T. 
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FIGURE 14.5 Natural and man-made sources of background noise. 



same output noise power as the resistor of Figure 14.4a. Figure 14.4c shows the same an- 
tenna directed at the sky. If the main beam of the antenna is narrow enough so that it sees 
a uniform region at physical temperature T, then the antenna again appears as a resistor at 
temperature T and produces the output noise power given in (14.16). This is true regard- 
less of the radiation efficiency of the antenna, as long as the physical temperature of the 
antenna is also T. 

In actuality an antenna typically sees a much more complex environment than the 
cases depicted in Figure 14.4. A general scenario of both naturally occurring and man- 
made noise sources is shown in Figure 14.5, where we see that an antenna with a relatively 
broad main beam may pick up noise power from a variety of origins. In addition, noise 
may be received through the sidelobes of the antenna pattern or via reflections from the 
ground or other large objects. As in Chapter 10, where the noise power from an arbi- 
trary white noise source was represented as an equivalent noise temperature, we define the 
background noise temperature, Tg, as the equivalent temperature of a resistor required to 
produce the same noise power as the actual environment seen by the antenna. Some typ- 
ical background noise temperatures that are relevant at low microwave frequencies are as 
follows: 

• Sky (toward zenith) 3-5 K 

• Sky (toward horizon) 50-100 K 

• Ground 290-300 K 

The overhead sky background temperature of 3-5 K is the cosmic background radiation 
believed to be a remnant of the big bang at the creation of the universe. This would be 
the noise temperature seen by an antenna with a narrow beam and high radiation effi- 
ciency pointed overhead, away from "hot" sources such as the Sun or stellar radio objects. 
The background noise temperature increases as the antenna is pointed toward the horizon 
because of the greater thickness of the atmosphere, so that the antenna sees an effective 
background closer to that of the anechoic chamber of Figure 14.4b. Pointing the antenna 
toward the ground further increases the effective loss, and hence the noise temperature. 

Figure 14.6 gives a more complete picture of the background noise temperature, show- 
ing the variation of Tb versus frequency and for several elevation angles [3]. Note that the 
noise temperature shown in the graph follows the trends listed above, in that it is lowest 
for the overhead sky (6 = 90°), and greatest for angles near the horizon (6 = 0°). Also 
note the sharp peaks in noise temperature that occur at 22 and 60 GHz. The first is due to 
the resonance of molecular water, while the second is caused by resonance of molecular 
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oxygen. Both of these resonances lead to increased atmospheric loss and hence increased 
noise temperature. The loss is great enough at 60 GHz that a high-gain antenna pointing 
through the atmosphere effectively appears as a matched load at 290 K. While loss in gen- 
eral is undesirable, these particular resonances can be useful for remote sensing applica- 
tions, or for using the inherent attenuation of the atmosphere to limit propagation distances 
for radio communications over small distances. 

When the antenna beamwidth is broad enough that different parts of the antenna pat- 
tern see different background temperatures, the effective brightness temperature seen by 
the antenna can be found by weighting the spatial distribution of background temperature 
by the pattern function of the antenna. Mathematically we can write the brightness temper- 
ature Tb seen by the antenna as 

In 7t 

J J T B (0,<j))D(6,<p)sm9d0d<t> 
0=0 0=0 

Tb= ; , (14.17) 



2?T 71 

// 

0=0 0=0 



D{6, </>) sm9d6d(p 



where Tb(9, </>) is the distribution of the background temperature, and D(6,(p) is the di- 
rectivity (or the power pattern function) of the antenna. Antenna brightness temperature 
is referenced at the terminals of the antenna. Observe that when Tb is a constant, (14.17) 
reduces to Tb — Tb, which is essentially the case of a uniform background temperature 
shown in Figure 14.3b or 14.4c. Also note that this definition of antenna brightness tem- 
perature does not involve the gain or efficiency of the antenna, and so does not include 
thermal noise due to losses in the antenna. 
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Antenna Noise Temperature and GIT 

If a receiving antenna has dissipative loss, so that its radiation efficiency r\ m & is less than 
unity, the power available at the terminals of the antenna is reduced by the factor r\ m & 
from that intercepted by the antenna (the definition of radiation efficiency is the ratio of 
output to input power). This reduction applies to received noise power, as well as received 
signal power, so the noise temperature of the antenna will be reduced from the brightness 
temperature given in (14.17) by the factor rj^. In addition, thermal noise will be generated 
internally by resistive losses in the antenna, and this will increase the noise temperature of 
the antenna. In terms of noise power, a lossy antenna can be modeled as a lossless antenna 
and an attenuator having a power loss factor of L — l/??rad- Then, using (10.15) for the 
equivalent noise temperature of an attenuator, we can find the resulting noise temperature 
seen at the antenna terminals as 



The equivalent temperature Ta is called the antenna noise temperature, and is a combi- 
nation of the external brightness temperature seen by the antenna and the thermal noise 
generated by the antenna. As with other equivalent noise temperatures, the proper interpre- 
tation of Ta is that a matched load at this temperature will produce the same available noise 
power as does the antenna. Note that this temperature is referenced at the output terminals 
of the antenna; since an antenna is not a two-port circuit element, it does not make sense 
to refer the equivalent noise temperature to its "input." 

Observe that (14.18) reduces to Ta — Tb for a lossless antenna with r\ Ti .<\ = 1. If the 
radiation efficiency is zero, meaning that the antenna appears as a matched load and does 
not see any external background noise, then (14.18) reduces to Ta — T p , due to the thermal 
noise generated by the losses. If an antenna is pointed toward a known background tem- 
perature different than To, then (14.18) can be used to determine its radiation efficiency. 



A high-gain antenna has the idealized hemispherical elevation plane pattern shown 
in Figure 14.7, and is rotationally symmetric in the azimuth plane. If the antenna 
is facing a region having a background temperature Tb approximated as given in 
Figure 14.7, find the antenna noise temperature. Assume the radiation efficiency 
of the antenna is 100%. 

Solution 

Since ?7 ra d = 1, (14.18) reduces to Ta — Tb. The brightness temperature can be 
computed from (14.17), after normalizing the directivity to a maximum value 



Ta 




= VadTb + (1 - )?rad)7>. 



(14.18) 




EXAMPLE 14.3 ANTENNA NOISE TEMPERATURE 
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FIGURE 14.7 Idealized antenna pattern and background noise temperature for Example 14.3. 
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of unity: 




/ / T B (6,(t>)D(9,<p)sm9d9d(t> f 10sin6»d6»+ / 0Asin9d9 + f sin9d9 



T b = 




f f D(9,<p)sm9d9d4> f sin 9 d9 + / 0.01 sin 9d9 




-10cos<9| 0 ° -O.lcos0|^° -cos6»|^° _ 0.00152 + 0.0134 + 0.866 



-cos6>|i° -O.Olcos0|?? 0 0.0102 



In this example most of the noise power is collected through the sidelobe region 



The more general problem of a receiver connected through a lossy transmission line to 
an antenna viewing a background noise temperature distribution Tg can be represented by 
the system shown in Figure 14.8. The antenna is assumed to have a radiation efficiency ?? ra d, 
and the connecting transmission line has a power loss factor of L > 1, with both at physical 
temperature T p . We also include the effect of an impedance mismatch between the antenna 
and the transmission line, represented by the reflection coefficient T. The equivalent noise 
temperature seen at the output terminals of the transmission line consists of three contri- 
butions: noise power from the antenna due to internal noise and the background brightness 
temperature, noise power generated from the lossy line in the forward direction, and noise 
power generated by the lossy line in the backward direction and reflected from the antenna 
mismatch toward the receiver. The noise due to the antenna is given by (14.18), but re- 
duced by the loss factor of the line, l/L, and the reflection mismatch factor, (1 — |T| 2 ). 
The forward noise power from the lossy line is given by (10.15), after reduction by the loss 
factor, l/L. The contribution from the lossy line reflected from the mismatched antenna 
is given by (10.15), after reduction by the power reflection coefficient, |T| 2 , and the loss 
factor, l/L 2 (since the reference point for the back-directed noise power from the lossy 
line given by (10.15) is at the output terminals of the line). Thus the overall system noise 
temperature seen at the input to the receiver is given by 



of the antenna. 



Ts = ^(1 - Iff) + (L - Xyj- + (L - 1) 




d-|r| 2 ) 



L 



[VvAdTb + (1 - >?rad)7>] + 



(L- 1) 
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(14.19) 
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FIGURE 14.8 A receiving antenna connected to a receiver through a lossy transmission line. An 
impedance mismatch exists between the antenna and the line. 
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Observe that for a lossless line (L — 1) the effect of an antenna mismatch is to reduce the 
system noise temperature by the factor (1 — |T| 2 ). Of course, the received signal power 
will be reduced by the same amount. Also note that for the case of a matched antenna 
(r = 0), (14.19) reduces to 

Ts = ^r d dT h + (1 - ifcad)^] + ^^T p , (14.20) 

as expected for a cascade of two noisy components. 

Finally, it is important to realize the difference between radiation efficiency and aper- 
ture efficiency, and their effects on antenna noise temperature. While radiation efficiency 
accounts for resistive losses, and thus involves the generation of thermal noise, aperture ef- 
ficiency does not. Aperture efficiency applies to the loss of directivity in aperture antennas, 
such as reflectors, lenses, or horns, due to feed spillover or suboptimum aperture excitation 
(e.g., a nonuniform amplitude or phase distribution), and by itself does not lead to any ad- 
ditional effect on noise temperature that would not be included through the pattern of the 
antenna. 

The antenna noise temperature defined above is a useful figure of merit for a receive 
antenna because it characterizes the total noise power delivered by the antenna to the input 
of a receiver. Another useful figure of merit for receive antennas is the G/T ratio, defined as 

G/T(6B) = lOlog — dB/K, (14.21) 

Ta 

where G is the gain of the antenna, and Ta is the antenna noise temperature. This quantity 
is important because, as we will see in Section 14.2, the signal-to-noise ratio (SNR) at the 
input to a receiver is proportional to GIT a- The ratio GIT can often be maximized by in- 
creasing the gain of the antenna, since this increases the numerator and usually minimizes 
reception of noise from hot sources at low elevation angles. Of course, higher gain requires 
a larger and more expensive antenna, and high gain may not be desirable for applications 
requiring omnidirectional coverage (e.g., cellular telephones or mobile data networks), so 
often a compromise must be made. Finally, note that the dimensions given in (14.21) for 
101og(G/r) are not actually decibels per degree kelvin, but this is the nomenclature that 
is commonly used for this quantity. 



WIRELESS COMMUNICATIONS 

Wireless communications involves the transfer of information between two points without 
direct connection. While this may be accomplished using sound, infrared, optical, or radio 
frequency energy, most modern wireless systems rely on RF or microwave signals, usually 
in the UHF to millimeter wave frequency range. Because of spectrum crowding and the 
need for higher data rates, the trend is to higher frequencies, so the majority of wireless 
systems today operate at frequencies ranging from about 800 MHz to a few gigahertz. RF 
and microwave signals offer wide bandwidths, and have the added advantage of being able 
to penetrate fog, dust, foliage, and even buildings and vehicles to some extent. Historically, 
wireless communication using RF energy has its foundations in the theoretical work of 
Maxwell, followed by the experimental verification of electromagnetic wave propagation 
by Hertz, and the practical development of radio techniques and systems by Tesla, Marconi, 
and others in the early part of the 20th century. Today, wireless systems include broadcast 
radio and television, cellular telephone and networking systems, direct broadcast satellite 
(DBS) television service, wireless local area networks (WLANs), paging systems, Global 
Positioning System (GPS) service, and radio frequency identification (RFID) systems [4]. 
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These systems are beginning to provide, for the first time in history, worldwide connectivity 
for voice, video, and network communications. 

One way to categorize wireless systems is according to the nature and placement of 
the users. In a point-to-point radio system a single transmitter communicates with a single 
receiver. Such systems generally use high-gain antennas in fixed positions to maximize 
received power and minimize interference with other radios that may be operating nearby 
in the same frequency range. Point-to-point radios are typically used for satellite commu- 
nications, dedicated data communications by utility companies, and backhaul connection 
of cellular base stations to a central switching office. Point-to-multipoint systems connect 
a central station to a large number of possible receivers. The most common examples are 
commercial AM and FM radio and broadcast television, where a central transmitter uses 
an antenna with a broad azimuthal beam to reach many listeners and viewers. Multipoint- 
to-multipoint systems allow simultaneous communication between individual users (who 
may not be in fixed locations). Such systems generally do not connect two users directly, 
but instead rely on a grid of base stations to provide the desired interconnections between 
users. Cellular telephone systems and some types of WLANs are examples of this type of 
application. 

Another way to characterize wireless systems is in terms of the directionality of com- 
munication. In a simplex system, communication occurs only in one direction — from the 
transmitter to the receiver. Examples of simplex systems include broadcast radio, televi- 
sion, and paging systems. In a half-duplex system, communication may occur in two direc- 
tions, but not simultaneously. Early mobile radios and citizens band radio are examples of 
duplex systems, and generally rely on a "push-to-talk" function so that a single channel can 
be used for both transmitting and receiving at different times. Full-duplex systems allow si- 
multaneous two-way transmission and reception. Examples include cellular telephone and 
point-to-point radio systems. Full-duplex transmission clearly requires a duplexing tech- 
nique to avoid interference between transmitted and received signals. This can be done by 
using separate frequency bands for transmit and receive (frequency division duplexing), or 
by allowing users to transmit and receive only in certain predefined time intervals (time 
division duplexing). 

While most wireless systems are ground based, it is also possible to use satellite sys- 
tems for voice, video, and data communications [5]. Satellites offer the possibility of 
communication with a large number of users over wide areas, perhaps including the en- 
tire planet. Satellites in a geosynchronous earth orbit (GEO) are positioned approximately 
36,000 km above Earth, and have a 24-hour orbital period. When a GEO satellite is posi- 
tioned above the equator, it becomes geostationary, and will remain in a fixed position rel- 
ative to Earth. Such satellites are useful for point-to-point radio links between widely sep- 
arated stations, and are commonly used for television and data communications through- 
out the world. At one time transcontinental telephone service relied on such satellites, 
but undersea fiber optics cables have largely replaced satellites for transoceanic connec- 
tions as being more economical and avoiding the annoying delay caused by the very long 
round-trip path between the satellite and Earth. Another drawback of GEO satellites is 
that their high altitude greatly reduces the received signal strength, making it difficult 
for two-way communication with handheld transceivers. Low Earth orbit (LEO) satel- 
lites orbit much closer to Earth, typically in the range of 500-2000 km. The shorter path 
length may allow line-of-sight communication between LEO satellites and hand-held ra- 
dios, but satellites in LEO orbits are visible from a given point on the ground for only 
a short time, typically between a few minutes and about 20 minutes. Effective coverage 
therefore requires a large number of LEO satellites in different orbital planes. The ill-fated 
Iridium system is probably the best-known example of a LEO satellite communications 
system. 
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FIGURE 14.9 A basic radio system. 



The Friis Formula 

A general radio system link is shown in Figure 14.9, where the transmit power is P t , the 
transmit antenna gain is G t , the receive antenna gain is G r , and the received power (de- 
livered to a matched load) is P r . The transmit and receive antennas are separated by the 
distance R. 

From (14.6)-(14.7), the power density radiated by an isotropic antenna (D = 
1—0 dB) at a distance R is given by 

Savg = ^2 W/m2 ' < 14 ' 22 ) 

This result reflects the fact that we must be able to recover all of the radiated power by 
integrating over a sphere of radius R surrounding the antenna; since the power is distributed 
isotropically, and the area of a sphere is 4-itR 2 , (14.22) follows. If the transmit antenna has 
a directivity greater than 0 dB, we can find the radiated power density by multiplying by 
the directivity, since directivity is defined as the ratio of the actual radiation intensity to the 
equivalent isotropic radiation intensity. In addition, if the transmit antenna has losses, we 
can include the radiation efficiency factor, which has the effect of converting directivity to 
gain. Thus, the general expression for the power density radiated by an arbitrary transmit 
antenna is 

Savg = ^2 W/m2 ' ( 14 - 23 > 

If this power density is incident on the receive antenna, we can use the concept of effective 
aperture area, as defined in (14.14), to find the received power: 

_ _ G t P t A e 

P r _ A e 5 avg - W. 

Next, (14.15) can be used to relate the effective area to the directivity of the receive antenna. 
Again, the possibility of losses in the receive antenna can be accounted for by using the 
gain (rather than the directivity) of the receive antenna. Then the final result for the received 
power is 

p ' = ww Pt w - (14 - 24) 

This result is known as the Friis radio link formula, and it addresses the fundamental 
question of how much power is received by a radio antenna. In practice, the value given 
by (14.24) should be interpreted as the maximum possible received power, as there are a 
number of factors that can serve to reduce the received power in an actual radio system. 
These include impedance mismatch at either antenna, polarization mismatch between the 
antennas, propagation effects leading to attenuation or depolarization, and multipath effects 
that may cause partial cancellation of the received field. 
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Observe in (14.24) that the received power decreases as 1/R 2 as the separation be- 
tween transmitter and receiver increases. This dependence is a result of conservation of 
energy. While it may seem to be prohibitively large for large distances, in fact the space 
decay of 1 /R 2 is usually much better than the exponential decrease in power due to losses 
in a wired communications link. This is because the attenuation of power on a transmission 
line varies as e~ 2az (where a is the attenuation constant of the line), and at large distances 
the exponential function decreases faster than an algebraic dependence like 1/R 2 . Thus 
for long-distance communications, radio links will perform better than wired links. This 
conclusion applies to any type of transmission line, including coaxial lines, waveguides, 
and even fiber optic lines. (It may not apply, however, if the communications link is land 
or sea based, so that repeaters can be inserted along the link to recover lost signal power.) 

As can be seen from the Friis formula, received power is proportional to the prod- 
uct P t G t . These two factors — the transmit power and transmit antenna gain — characterize 
the transmitter, and in the main beam of the antenna the product P t G t can be interpreted 
equivalently as the power radiated by an isotropic antenna with input power P t G t . Thus, 
this product is defined as the effective isotropic radiated power (EIRP): 



For a given frequency, range, and receiver antenna gain, the received power is propor- 
tional to the EIRP of the transmitter and can only be increased by increasing the EIRP. This 
can be done by increasing the transmit power, or the transmit antenna gain, or both. 

Link Budget and Link Margin 

The various terms in the Friis formula of (14.24) are often tabulated separately in a link 
budget, where each of the factors can be individually considered in terms of its net effect 
on the received power. Additional loss factors, such as line losses or impedance mismatch 
at the antennas, atmospheric attenuation (see Section 14.5), and polarization mismatch can 
also be added to the link budget. One of the terms in a link budget is the path loss, account- 
ing for the free-space reduction in signal strength with distance between the transmitter 
and receiver. From (14.24), path loss is defined (in dB) as 



Note that path loss depends on wavelength (frequency), which serves to provide a normal- 
ization for the units of distance. 

With the above definition of path loss, we can write the remaining terms of the Friis 
formula as shown in the following link budget: 



EIRP = P t G t W. 



(14.25) 




(14.26) 
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We have also included loss terms for atmospheric attenuation and line attenuation. Assum- 
ing that all of the above quantities are expressed in dB (or dBm, in the case of P t ), we can 
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write the receive power as 

P r (dBm) = P, - L, + G, - L 0 - L A + G r - L r . (14.27) 

If the transmit and/or receive antenna is not impedance matched to the transmitter/ 
receiver (or to their connecting lines), impedance mismatch will reduce the received power 
by the factor (1 — |T| 2 ), where T is the appropriate reflection coefficient. The resulting 
impedance mismatch loss, 

L imp (dB) = -101og(l - |rf) > 0, (14.28) 

can be included in the link budget to account for the reduction in received power. 

Another possible entry in the link budget relates to the polarization matching of the 
transmit and receive antennas, as maximum power transmission between transmitter and 
receiver requires both antennas to be polarized in the same manner. If a transmit antenna is 
vertically polarized, for example, maximum power will only be delivered to a vertically po- 
larized receiving antenna, while zero power would be delivered to a horizontally polarized 
receive antenna, and half the available power would be delivered to a circularly polarized 
antenna. Determination of the polarization loss factor is explained in references [1], [2], 
and [4]. 

In practical communications systems it is usually desired to have the received power 
level greater than the threshold level required for the minimum acceptable quality of service 
(usually expressed as the minimum carrier-to-noise ratio (CNR), or minimum SNR). This 
design allowance for received power is referred to as the link margin, and can be expressed 
as the difference between the design value of received power and the minimum threshold 
value of receive power: 

Link margin (dB) = LM — P r — P r (mm) > 0, (14.29) 

where all quantities are in dB. Link margin should be a positive number; typical values may 
range from 3 to 20 dB. Having a reasonable link margin provides a level of robustness to the 
system to account for variables such as signal fading due to weather, movement of a mobile 
user, multipath propagation problems, and other unpredictable effects that can degrade 
system performance and quality of service. Link margin that is used to account for fading 
effects is sometimes referred to as fade margin. Satellite links operating at frequencies 
above 10 GHz, for example, often require fade margins of 20 dB or more to account for 
attenuation during heavy rain. 

As seen from (14.29) and the link budget, link margin for a given communication 
system can be improved by increasing the received power (by increasing transmit power or 
antenna gains), or by reducing the minimum threshold power (by improving the design of 
the receiver, changing the modulation method, or by other means). Increasing link margin 
therefore usually involves an increase in cost and complexity, so excessive increases in link 
margin are usually avoided. 

EXAMPLE 14.4 LINK ANALYSIS OF DBS TELEVISION SYSTEM 

The direct broadcast system in North America operates at 12.2-12.7 GHz, with a 
transmit carrier power of 120 W, a transmit antenna gain of 34 dB, an IF band- 
width of 20 MHz, and a worst-case slant angle (30°) distance from the geostation- 
ary satellite to Earth of 39,000 km. The 18-inch receiving dish antenna has a gain 
of 33.5 dB and sees an average background brightness temperature of T/, = 50 K, 
with a receiver low-noise block (LNB) having a noise figure of 0.7 dB. The re- 
quired minimum CNR is 15 dB. The overall system is shown in Figure 14.10. 
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FIGURE 14.10 Diagram of the DBS system for Example 14.4. 



Find (a) the link budget for the received carrier power at the antenna terminals, 
(b) GIT for the receive antenna and LNB system, (c) the CNR at the output of the 
LNB, and (d) the link margin of the system. 

Solution 

We will take the operating frequency to be 12.45 GHz, so the wavelength is 0.0241 
m. From (14.26) the path loss is 

(AnR\ /(4jt)(39 x 10 6 )\ 

L 0 = 20 log = 20 log - — = 206.2 dB 

\ X J \ 0.0241 J 

(a) The link budget for the received power is 

P, = 120 W = 50.8 dBm 
G, = 34.0 dB 
L Q = (-)206.2 dB 
G r = 33.5 dB 

P r = -87.9 dBm = 1.63 x 10" 12 W. 

(b) To find GIT we first find the noise temperature of the antenna and LNB cas- 
cade, referenced at the input of the LNB: 

T e = T A + r LNB = T h + (F - l)7b = 50 + (1.175 - 1)(290) = 100.8 K. 

Then GIT for the antenna and LNB is 

2239 

GIT (dB) = 10 log = 13.5 dB/K. 

6 100.8 

(c) The CNR at the output of the LNB is 
P,.G L nb 1-63 x 10" 12 



CNR 



kT e BG LNB (1-38 x 10" 23 )(100.8)(20 x 10 6 ) 



58.6= 17.7 dB. 



Note that Glnb, the gain of the LNB module, cancels in the ratio for the output 
CNR. 



(d) If the minimum required CNR is 15 dB, the system link margin is 2.7 dB. 



Radio Receiver Architectures 

The receiver is usually the most critical component of a wireless system, having the over- 
all purpose of reliably recovering the desired signal from a wide spectrum of transmit- 
ting sources, interference, and noise. In this section we will describe some of the critical 
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requirements for radio receiver design and summarize some of the most common types of 
receiver architectures. 

A well-designed radio receiver must provide several different functions: 

• High gain (~100 dB) to restore the low power of the received signal to a level near 
its original baseband value 

• Selectivity, in order to receive the desired signal while rejecting adjacent channels, 
image frequencies, and interference 

• Down-conversion from the received RF frequency to a lower IF frequency for 
processing 

• Detection of the received analog or digital information 

• Isolation from the transmitter to avoid saturation of the receiver 

Because the typical signal power level from the receive antenna may be as low as —100 
to —120 dBm, the receiver may be required to provide gain as high as 100 to 120 dB. 
This much gain should be spread over the RF, IF, and baseband stages to avoid instabilities 
and possible oscillation; it is generally good practice to avoid more than about 50-60 dB 
of gain at any one frequency band. The fact that amplifier cost generally increases with 
frequency is a further reason to spread gain over different frequency stages. 

In principle, selectivity can be obtained by using a narrow bandpass filter at the RF 
stage of the receiver, but the bandwidth and cutoff requirements for such a filter are usually 
impractical to realize at RF frequencies. It is more effective to achieve selectivity by down- 
converting a relatively wide RF bandwidth around the desired signal, and using a sharp- 
cutoff bandpass filter at the IF stage to select only the desired frequency band. In addition, 
many wireless systems use a number of narrow but closely spaced channels, which must 
be selected using a tuned local oscillator, while the IF passband is fixed. The alternative of 
using an extremely narrow band, electronically tunable RF filter is not practical. 

Tuned radio frequency receiver. One of the earliest types of receiving circuits to be de- 
veloped was the tuned radio frequency (TRF) receiver. As shown in Figure 14.11, a TRF 
receiver employs several stages of RF amplification along with tunable bandpass filters to 
provide high gain and selectivity. Alternatively, filtering and amplification may be com- 
bined by using amplifiers with a tunable bandpass response. At relatively low broadcast 
radio frequencies, such filters and amplifiers have historically been tuned using mechan- 
ically variable capacitors or inductors. However, such tuning is problematic because of 
the need to tune several stages in parallel, and selectivity is poor because the passband 
of such filters is fairly broad. In addition, all the gain of the TRF receiver is achieved at 
the RF frequency, limiting the amount of gain that can be obtained before oscillation oc- 
curs, and increasing the cost and complexity of the receiver. Because of these drawbacks 
TRF receivers are seldom used today, and are an especially bad choice for higher RF or 
microwave frequencies. 
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FIGURE 14.11 Block diagram of a tuned radio frequency receiver. 
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FIGURE 14.12 Block diagram of a direct-conversion receiver. 



Direct conversion receiver: The direct conversion receiver, shown in Figure 14.12, uses a 
mixer and local oscillator to perform frequency down-conversion with a zero IF frequency. 
The local oscillator is set to the same frequency as the desired RF signal, which is then 
converted directly to baseband. For this reason, the direct conversion receiver is sometimes 
called a homodyne receiver. For AM reception the received baseband signal would not re- 
quire any further detection. The direct conversion receiver offers several advantages over 
the TRF receiver, as selectivity can be controlled with a simple low-pass baseband filter, 
and gain may be spread through the RF and baseband stages (although it is difficult to ob- 
tain stable high gain at very low frequencies). Direct conversion receivers are simpler and 
less costly than superheterodyne receivers since there is no IF amplifier, IF bandpass filter, 
or IF local oscillator required for final down conversion. Another important advantage of 
direct conversion is that there is no image frequency, since the mixer difference frequency 
is effectively zero, and the sum frequency is twice the LO and easily filtered. However, a 
serious disadvantage is that the LO must have a very high degree of precision and stability, 
especially for high RF frequencies, to avoid drift of the received signal frequency. This type 
of receiver is often used with Doppler radars, where the exact LO can be obtained from 
the transmitter, but a number of newer wireless systems are being designed with direct 
conversion receivers. 

Superheterodyne receiver. By far the most popular type of receiver in use today is the 
superheterodyne circuit, shown in Figure 14.13. The block diagram is similar to that of the 
direct conversion receiver, but the IF frequency is now nonzero, and is generally selected to 
be between the RF frequency and baseband. A midrange IF allows the use of sharper cutoff 
filters for improved selectivity, and higher IF gain through the use of an IF amplifier. Tuning 
is conveniently accomplished by varying the frequency of the local oscillator so that the IF 
frequency remains constant. The superheterodyne receiver represents the culmination of 
over 50 years of receiver development, and is used in the majority of broadcast radios and 
televisions, radar systems, cellular telephone systems, and data communications systems. 

At microwave and millimeter wave frequencies it is often necessary to use two stages 
of down conversion to avoid problems due to LO stability. Such a dual-conversion super- 
heterodyne receiver employs two local oscillators, two mixers, and two IF frequencies to 
achieve down-conversion to baseband. 
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FIGURE 14.13 Block diagram of a single-conversion superheterodyne receiver. 
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FIGURE 14.14 Noise analysis of a microwave receiver front end, including antenna and trans- 
mission line contributions. 



Noise Characterization of a Receiver 

We can now analyze the noise characteristics of a complete antenna-transmission line- 
receiver front end, as shown in Figure 14.14. In this system the total noise power at the 
output of the receiver, N a , will be due to contributions from the antenna pattern, the loss 
in the antenna, the loss in the transmission line, and the receiver components. This noise 
power will determine the minimum detectable signal level for the receiver and, for a given 
transmitter power, the maximum range of the communication link. 

The receiver components in Figure 14.14 consist of an RF amplifier with gain Grf 
and noise temperature Trf, a mixer with an RF-to-IF conversion loss factor L« and noise 
temperature Tm, and an IF amplifier with gain Gif and noise temperature Tip. The noise 
effects of later stages can usually be ignored since the overall noise figure is dominated by 
the characteristics of the first few stages. The component noise temperatures can be related 
to noise figures as T — (F — 1)Tq. From (10.22) the equivalent noise temperature of the 
receiver can be found as 

7rec = Trf + -F- + (14.27) 
Grf Grf 

The transmission line connecting the antenna to the receiver has a loss Lt, and is at a 
physical temperature T p . So from (10.15) its equivalent noise temperature is 

Ttl = (L T - l)T p . (14.28) 

Again using (10.22), we find that the noise temperature of the transmission line (TL) and 
receiver (REC) cascade is 

Ttl+rec = ?tl + ^t^rec 

= (L T - l)T p + LtTkec. (14.29) 

This noise temperature is defined at the antenna terminals (the input to the transmission 
line). 

As discussed in Section 14. 1, the entire antenna pattern can collect noise power. If the 
antenna has a reasonably high gain with relatively low sidelobes, we can assume that all 
noise power comes via the main beam, so that the noise temperature of the antenna is given 
by (14.18): 



T A = ri mi T b + (1 - J?rad)7>, 



(14.30) 
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where ri ad is the efficiency of the antenna, T p is its physical temperature, and Tj, is the 
equivalent brightness temperature of the background seen by the main beam. (One must be 
careful with this approximation, as it is quite possible for the noise power collected by the 
sidelobes to exceed the noise power collected by the main beam, if the sidelobes are aimed 
at a hot background. See Example 14.3.) The noise power at the antenna terminals, which 
is also the noise power delivered to the transmission line, is 

Ni = kBT A = kB[ % . dd T h + (1 - rj ad )T p ], (14.31) 

where B is the system bandwidth. If 5, is the received power at the antenna terminals, then 
the input SNR at the antenna terminals is 5, /N, . The output signal power is 

S 0 = S ^^=S i G SYS , (14.32) 

where Gsys has been defined as a system power gain. The output noise power is 

N 0 = (Nt + kBT TL+REC ) Gsys 
= kB(T A + 7tl+rec)C?sys 

= kB[r] md T h + (1 - r)aA)T p + (L T - l)T p + L t T RE c]G S ys 

= kBT S YsGsYS, (14.33) 



where T$ys has been defined as the overall system noise temperature. The output SNR is 

^ = — = * . (14.34) 

N 0 kBTsYS kB^Tb + (1 - %ad )T p + (L T - l)T p + L T T REC ] 

It may be possible to improve this SNR by various signal processing techniques. Note 
that it may appear to be convenient to use an overall system noise figure to calculate the 
degradation in SNR from input to output for the above system, but one must be very careful 
with such an approach because noise figure is defined only for Nj — kToB, which is not the 
case here. It is often less confusing to work directly with noise temperatures and powers, 
as we did above. 

EXAMPLE 14.5 SIGNAL-TO-NOISE RATIO OF A MICROWAVE RECEIVER 

A microwave receiver like that of Figure 14. 14 has the following parameters: 



/ 


- 4.0 GHz, 


Grf 


= 20 dB, 


B 


= 1 MHz, 


^RF 


= 3.0 dB, 


G A 


- 26 dB, 


Lm 


= 6.0 dB, 


*7rad 


= 0.90, 


Fm 


= 7.0 dB, 


T P 


= 300 K, 


Gif 


= 30 dB, 


T h 


= 200 K, 


F w 


= 1.1 dB. 


L T 


= 1.5 dB, 








If the received power at the antenna terminals is 5, = —80 dBm, calculate the 
input and output SNRs. 
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Solution 

We first convert the above dB quantities to numerical values, and noise figures to 
noise temperatures: 

G RF = 10 20 / 10 = 100, 
Gif = 10 30 / 10 = 1000, 
L T = 10 L5 / 10 = 1.41, 
L M = 10 6/10 = 4.0, 

T M = (F M ~ l)7b = (10 7 / 10 - 1)(290) = 1163 K, 
r RF = (F R¥ - l)T Q = (10 3/1 ° - 1)(290) = 289 K, 
Tjp = (F w - l)7b = (10 11/10 - 1)(290) = 84 K. 

Then from (14.27), (14.28), and (14.30) the noise temperatures of the receiver, 
transmission line, and antenna are 

T M T l¥ L M 1163 84(4.0) 

7r EC = 7r F + — + = 289 + + — — - = 304 K, 

G RF G rf 100 100 

T TL = (L T - l)T p = (1.41 - 1)300 = 123 K, 
T A = V rdd T b + (1 - r, md )T p = 0.9(200) + (1 - 0.9)(300) = 210 K. 
The input noise power, from (14.31), is 

Ni - kBT A = 1.38 x 10" 23 (10 6 )(210) = 2.9 x 10" 15 W = -115 dBm. 
Then the input SNR is 

— - -80+ 115 = 35 dB. 
Ni 

From (14.33) the total system noise temperature is 

r SYS = T A + 7tl + L T T REC = 210 + 123 + (1.41) (304) = 762 K. 

This result clearly shows the noise contributions of the various components. The 
output SNR is found from (14.34) as 

So _ Sj 

Y 0 ~ kBT S Ys ' 

kBT S Ys = 1-38 x 10" 23 (10 6 )(762) = 1.05 x 10" 14 W = -110 dBm, 



so 

So 



-80+ 110 = 30 dB. 

No 



Digital Modulation and Bit Error Rate 

Information may be impressed upon a sinusoidal carrier using amplitude, frequency, or 
phase modulation. If the modulating signal is analog, as in the case of AM or FM radio, 
the amplitude, frequency, or phase of the carrier will undergo a continuous variation. If 
the modulating signal represents digital data in binary form, the variation in the amplitude, 
frequency, or phase of the carrier will be limited to two values. These types of modulations 
are usually referred to as amplitude shift keying, frequency shift keying, and phase shift 
keying, and abbreviated as ASK, FSK, and PSK, respectively. For example, ASK may 
involve a carrier that is turned on for a binary "1," and off for a binary "0." Frequency 
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FIGURE 14.15 Binary data and the resulting modulated carrier waveforms for amplitude shift 
keying, frequency shift keying, and phase shift keying. 



shift keying involves switching between two different carrier frequencies, while phase shift 
keying involves a 180° phase shift of the carrier, depending on the binary data. Binary 
phase shift keying is also referred to as BPSK. Figure 14.15 shows the carrier waveforms 
that result from binary digital modulation with ASK, FSK, and PSK methods. 

The majority of modern wireless systems rely on digital modulation methods due to 
their superior performance in the presence of noise and signal fading, lower power re- 
quirements, and better suitability for the transmission of data with error-correcting codes 
or encryption. Besides the basic binary modulation schemes described above, there are 
a number of other digital modulation methods. One popular method is quadrature phase 
shift keying (QPSK), where two data bits are used to select one of four possible phase states 
(0°, 90°, 180°, or 270°). More generally, one can use m-ary phase shift keying, where one 
of 2 m phase states is selected on the basis of m data bits. It is also possible to modulate 
both amplitude and phase simultaneously, resulting in quadrature amplitude modulation, 
or QAM. Such higher order modulation methods allow higher data rates for a given channel 
bandwidth, but involve more system and processing complexity. 

In an ideal situation a receiver will detect the same binary digit that was transmitted, 
but the presence of noise in the communication channel introduces the possibility that 
errors will be made during the detection process. The likelihood of an error in the detection 
of a single bit is quantified by the bit error probability, Pb, also known as the bit error rate 
(BER). The probability of error is dependent on the ratio of bit energy to noise power 
density, Eb/no, where Eh is the energy received during each bit interval, and no is the 
power spectral density of the noise on the channel. The probability of error decreases as bit 
energy increases, or as noise density decreases. If S is the received signal (carrier) power 
(watts), with Tb being the bit period (seconds), and Rb the bit rate (bits per second), the bit 
energy can be written as 



Then the ratio Eb/no is 



E b = ST b = S/R b , (W-sec) 



Eb _ STl _ S 
no no noRb 



(14.35) 



(14.36) 
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E b ln Q (dB) 

14.16 Comparison of bit error rates for ASK, FSK, BPSK, and QPSK modulation meth- 
ods versus Eb/riQ. (Coherent demodulation is assumed, with Gray coding for 
QPSK.) 




Since the noise power is N = noB, where B is the bandwidth of the receiver, the ratio of 
bit energy to noise power density can be expressed in terms of the SNR as 

E b S SB 

-°- = -BT b = - — . (14.37) 
n Q N N Rb 

Note that this result indicates that, for a given SNR, the ratio of bit energy to noise power 
density will decrease (and the BER will increase) as the data rate increases. Depending 
on the type of modulation, the required receiver bandwidth may range from one to several 
times the bit rate. 

Figure 14.16 shows bit error probability for four types of digital modulation (ASK, 
FSK, BPSK, and QPSK) versus the E h /n 0 ratio. The bit error rate for QPSK is the same 
as for BPSK, but note that QPSK involves the transmission of two bits for every one bit 
sent by BPSK. 

Each of the binary modulation methods transmits one bit during each bit period, and 
they are therefore said to have a bandwidth efficiency of 1 bps/Hz. Higher level modulation 
methods can achieve higher bandwidth efficiencies. For example, QPSK transmits two 
bits per period, and therefore has a bandwidth efficiency of 2 bps/Hz. Table 14.1 lists the 
bandwidth efficiency and the required Eb/no ratio for a bit error rate of 10 -5 for various 
digital modulation methods. 



EXAMPLE 14.6 LINK ANALYSIS FOR LEO SATELLITE DOWNLINK 

A LEO satellite at an orbital distance of 940 km uses QPSK to communicate with 
a handset on Earth. The satellite has a transmit power of 80 W and an antenna gain 
of 20 dB, while the handset has an antenna gain of 1 dB and a system temperature 
of 750 K. If atmospheric attenuation is 2 dB, and the required link margin is 
10 dB, what is the maximum data rate for a bit error probability of 0.01? 
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Solution 

The wavelength is 1.875 cm, so from (14.26) the path loss is 

(4jzR\ /(4tt)(940 x 10 3 )\ 
L 0 = 20 log - 20 log - — ^— — = 176.0 dB 



X J ° \ 0.01875 

The received power is 

P r = P t + G, - L Q - L A + G r = 49 + 20 - 176 - 2 + 1 = -108 dBm. 

For a link margin of 10 dB, this received power level should be 10 dB above the 
threshold level. Thus, the threshold received signal level is 

S min — P r — LM = -108 - 10 = -118 dBm= 1.58 x 10" 15 W. 

From Figure 14.16, the required Eh/riQ for a bit error rate of 0.01 for QPSK is 
about 5 dB = 3.16. Solving (14.36) for the maximum bit rate gives 

/^y^^/M-^^/M 1.58x10-15 s 

\n 0 J «o V»o/ kT sys V 3- 16^ (1.38 x 10- 23 ) (750) 



TABLE 14.1 Summary of Performance of Various Digital 
Modulation Methods 



Modulation 


£^/«o(dB) for 


Bandwidth 


Type 


Pb = lO" 5 


Efficiency 


Binary ASK 


15.6 


1 


Binary FSK 


12.6 


1 


Binary PSK 


9.6 


1 


QPSK 


9.6 


2 


8-PSK 


13.0 


3 


16-PSK 


18.7 


4 


16-QAM 


13.4 


4 


64-QAM 


17.8 


6 



Wireless Communication Systems 

We conclude this section with a summary of some of the most prevalent wireless com- 
munication systems in current use. Table 14.2 lists some of the commonly used frequency 
bands for wireless systems. 

Cellular telephone and data systems: Cellular voice and networking systems are in con- 
stant evolution, involving the use of old and new technology, existing and newly available 
carrier frequencies, sophisticated multiple-access techniques, international agreements, 
and the special interests of commercial service providers, governments, and regulatory 
agencies. The objective is to provide mobile users with voice and data service (including 
Internet access and video), with high data rates and compatibility across systems. Much 
progress has been made, but there are still technical and organizational challenges that 
remain. 
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TABLE 14.2 Wireless System Frequencies 



Wireless System (Country) 



Frequency 



Advanced Mobile Phone System (AMPS, United States; obsolete) 
GSM 850 (Americas) 
GSM 900 (worldwide) 
GSM 1800 (worldwide) 
GSM 1900 (Americas) 

Universal Mobile Telecommunications System (UMTS), 

band 1 (most countries) 
UMTS, band 2 (most countries) 

UMTS, band 8 (most countries) 

Wireless local area networks (WiFi) 



Global Positioning System (GPS) 

Direct Broadcast Satellite (DBS) (Europe, Russia) 

(Americas) 
(Asia, Australia) 

Industrial, medical, and scientific bands (most countries) 



U: 824-849 MHz 
D: 869-894 MHz 
U: 824-849 MHz 
D: 869-894 MHz 
U: 890-915 MHz 
D: 935-960 MHz 
U: 1710-1785 MHz 
D: 1805-1880 MHz 
U: 1850-1910 MHz 
D: 1930-1990 MHz 
U: 1920-1980 MHz 
D: 2110-2170 MHz 
U: 1850-1910 MHz 
D: 1930-1990 MHz 
U: 880-916 MHz 
D: 925-960 MHz 

902-928 MHz 
2.400-2.484 GHz 
5.725-5.850 GHz 
LI: 1575.42 MHz 
L2: 1227.60 MHz 
10.7-12.75 GHz 
12.2-12.7 GHz 
11.7-12.2 GHz 
902-928 MHz 
2.400-2.484 GHz 
5.725-5.850 GHz 



U, uplink (mobile-to-base); D, downlink (base-to-mobile). 



Cellular telephone systems were first proposed in the 1970s in response to the problem 
of providing mobile radio service to a large number of users in urban areas. Early mobile 
radio systems could handle only a very limited number of users due to inefficient use of 
the radio spectrum and interference between users. The cellular radio concept solved this 
problem by dividing a geographical area into nonoverlapping cells in which each cell has its 
own transmitter and receiver (the base station) to communicate with mobile users operating 
in that cell. Each cell site may allow as many as several hundred users to simultaneously 
communicate over voice and/or data channels. Frequency bands assigned to a particular 
cell can be reused in other, nonadjacent cells. 

The first cellular telephone systems were built in Japan and Europe in 1979 and 1981, 
and in the United States (AMPS) in 1983. These systems used analog FM modulation 
and divided their allocated frequency bands into several hundred channels, each of which 
could support an individual telephone conversation. These early services grew slowly at 
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first, because of the initial costs of developing an infrastructure of base stations and the 
initial expense of handsets, but by the 1990s growth became phenomenal. 

Because of the rapidly growing business and consumer demand for wireless services, 
as well as advances in wireless technology, several second-generation standards were im- 
plemented in the United States, Europe, and Asia. These standards all employed digital 
modulation methods to provide better-quality service and more efficient use of the radio 
spectrum, as well as multiple-access methods that could be categorized as either time di- 
vision multiple access (TDMA), or code division multiple access (CDMA). Since then, 
most countries have made more radio spectrum available, usually as a result of freeing up 
frequency bands that had been used by VHF broadcast television. 

Today, most wireless cellular and smartphone systems have migrated to third- 
generation (3G) standards, or are in the process of being upgraded to 3G standards. The 
International Mobile Telecommunications (IMT)-2000 project of the International Tele- 
communications Union (ITU) forms the basis for 3G standards, most of which rely on 
CDMA and its variations, W-CDMA and CDMA2000. At the present time, IMT-2000 sup- 
ports data rates of 2 Mbps for fixed users and 144 kbps for mobile users. A related effort is 
the 3rd Generation Partnership Project (3GPP), which is based on a collaboration of vari- 
ous telecommunications groups to form a migration path from existing second-generation 
infrastructure to 3G, and then toward a Long-Term Evolution (LTE) goal in 2010-201 1 of 
data rates of 100 Mbps for fixed users and 50 Mbps for mobile users. Many countries have 
adopted the Universal Mobile Telecommunications System standard, which is based on 
3GPP. Another variation is the 3GPP2 standard, which works from existing CDMA tech- 
nologies (including W-CDMA and CDMA2000) to provide high data rates. At present, 
there are many proposed standards for interim use for capitalizing on existing infrastruc- 
ture, as well as for new standards that will evolve into fourth-generation systems. 

Satellite systems for wireless voice and data: The conceptual advantage of satellite sys- 
tems is that a relatively small number of satellites can provide coverage to users at any 
location in the world, including the oceans, deserts, and mountains — areas for which it 
is difficult or impossible to provide cellular service. In principle, as few as three geosyn- 
chronous satellites can provide complete global coverage, but the very high altitude of the 
geosynchronous orbit makes it difficult to communicate with hand held terminals because 
the large path loss results in very low signal strength. Satellites in lower orbits can provide 
usable levels of signal power, but many more satellites are then needed to provide global 
coverage. 

The Iridium project, originally financed by a consortium of companies headed by Mo- 
torola, was the first commercial satellite system to offer worldwide hand held wireless 
telephone service. It consists of 66 LEO satellites in near-polar orbits, and connects mobile 
phone and paging subscribers to the public telephone system through a series of intersatel- 
lite relay links and land-based gateway terminals. Figure 14.17 shows a photo of one of 
the Iridium phased array antennas. The Iridium system cost was approximately $5 billion; 
it began service in November 1998, and filed for bankruptcy in August 1999. Iridium was 
acquired by the U.S. Defense Department in 2001 and is still operating at this time. 

One drawback of using satellites for telephone service is that weak signal levels require 
a line-of-sight path from the mobile user to the satellite, meaning that satellite telephones 
generally cannot be used in buildings, automobiles, or even in many wooded or urban 
areas. This places satellite phone service at a definite performance disadvantage relative 
to land-based cellular services. Other commercial LEO satellite communications systems, 
such as Globalstar, have also ended in financial failure. 

Most successful satellite communications systems rely on geostationary satellites. 
These include the INMARSAT systems, originally used to provide communications to 
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FIGURE 14.17 Photograph of one of the three L-band antenna arrays for an Iridium communi- 
cations satellite. The Iridium system consists of 66 satellites in low Earth orbit 
to provide global personal satellite TDMA communications services, including 
voice, fax, and paging. 

Courtesy of Raytheon Company, Waltham, Mass. 

maritime shipping, but also used in remote areas. Many financial services and businesses 
use very small aperture terminals (VSATs), which provide relatively low rate data com- 
munications to geostationary satellites with 12- to 18-inch antennas. An example of a geo- 
stationary satellite telephone service is the Thuraya system, which provides coverage to 
parts of Africa, Europe, India, and the Middle East. The subscriber link operates at L band, 
with a fairly compact handset. There is a noticeable conversational delay with the Thuraya 
system due to the propagation time to and from the satellite. 

Global Positioning: The Global Positioning System (GPS) uses 24 satellites in medium 
Earth orbits to provide accurate position information (latitude, longitude, and elevation) 
to users on land, air, or sea. Originally developed as the NAVSTAR system by the U.S. 
Department of Defense, GPS has become one of the most pervasive applications of wireless 
technology for consumers and businesses throughout the world. GPS receivers are used 
on airplanes, ships, trucks, trains, and automobiles. Advances in technology have led to 
substantial reductions in size and cost, so that small GPS receivers can be integrated into 
cellular telephones and smart phones, and hand-held GPS devices are used by hikers and 
sportsmen. With differential GPS, accuracies on the order of 1 cm can be achieved, a 
capability that has revolutionized the surveying industry. An entirely new field of study, 
known as geographic information systems (GIS), is based on the relation of data to location, 
usually obtained in conjunction with GPS. 

GPS positioning operates by using triangulation with a minimum of four satellites. 
GPS satellites are in orbits 20,200 km above Earth, with orbital periods of 12 hours. 
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Distances from the user's GPS receiver to these satellites are found by timing the prop- 
agation delay between the satellites and the receiver. The orbital positions of the satellites 
(ephemeris) are known to very high accuracy, and each satellite contains an extremely ac- 
curate clock to provide a unique set of timing pulses. A GPS receiver decodes this timing 
information and performs the necessary calculations to find the position and velocity of 
the receiver. The GPS receiver usually must have a line-of-sight view to at least four satel- 
lites in the GPS constellation, although three satellites are adequate if altitude position is 
known (as in the case of ships at sea). Because of the low-gain antennas required for op- 
eration, the received signal level from a GPS satellite is very low — typically on the order 
of —130 dBm (for a receiver antenna gain of 0 dB). This signal level is usually below 
the noise power at the receiver, but spread-spectrum techniques are used to improve the 
received SNR. 

GPS operates at two frequency bands: LI, at 1575.42 MHz, and L2, at 1227.60 MHz, 
transmitting spread-spectrum signals with BPSK modulation. The LI frequency is used 
to transmit ephemeris data for each satellite, as well as timing codes, which are available 
to any commercial or public user. This mode of operation is referred to as the Course/ 
Acquisition (C/A) code. In contrast, the L2 frequency is reserved for military use, and uses 
an encrypted timing code referred to as the Protected (P) code (there is also a P code signal 
transmitted at the LI frequency). The P code offers much higher accuracy than the C/A 
code. The typical accuracy that can be achieved with an LI GPS receiver is about 100 feet. 
Accuracy is limited by timing errors in the clocks on the satellites and the receiver, as well 
as error in the assumed position of the GPS satellites. The most significant error is generally 
caused by atmospheric and ionospheric effects, which introduce small but variable delays 
in signal propagation from the satellite to the receiver. 

Wireless local area networks: Wireless local area networks provide connections between 
computers and peripherals over short distances. Wireless networks can be found in airports, 
coffee shops, office buildings, college campuses, and even on commercial airliners, busses, 
and cruise ships. Indoor coverage is usually less than a few hundred feet. Outdoors, in the 
absence of obstructions and with the use of high-gain antennas, much longer ranges can be 
obtained. Wireless networks are especially useful when it is impossible or prohibitively ex- 
pensive to place network wiring in or between buildings, or when only temporary network 
access is needed. Mobile users, of course, can only be connected to a computer network 
through a wireless link. 

Most commercial WLAN products are based on the IEEE 802.11 standards (Wi-Fi). 
These operate at either 2.4 or 5.7 GHz (in the industrial, scientific, and medical frequency 
bands), and use either frequency-hopping or direct-sequence spread-spectrum techniques. 
Standards 802.11a, 802.11b, and 802.1 lg can provide data rates up to 54 Mbps, while 
802.1 In (which uses multiple antennas) can achieve data rates of up to 150 Mbps. Actual 
data rates are often significantly lower due to nonideal propagation conditions and loading 
from other users. 

Another wireless networking standard is Bluetooth, which is intended for short-range 
networking of portable devices, such as cameras, printers, headsets, games, and similar 
applications, to resident computers or routers. Bluetooth devices operate at 2.4 GHz, with 
RF power in the range of 1-100 mW and corresponding operating ranges of 1-100 m. Data 
rates range from 1 to 24 Mbps. 

Millimeter wave frequencies are increasingly being considered for high speed local 
area networking due to the large bandwidths that are available. Figure 14.18 shows a de- 
velopmental model of a high-speed 60 GHz wireless networking transmitter. 

Direct broadcast satellites: DBS systems provide television service with continental cov- 
erage from geosynchronous satellites directly to home users with a relatively small 18 inch 
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FIGURE 14.18 Photograph of a high-speed 60 GHz wireless local area network transmitter. This 
WLAN operates at 59-62 GHz, with a data rate of 2.8 Gbps. It uses GaAs chips 
and a built-in four-element, circularly polarized microstrip antenna. 
Courtesy of Newlans, Inc., Acton, Mass. 

diameter antenna. Prior to DBS technology, satellite TV service relied on analog signals 
that required an unsightly dish antenna as large as 6 feet in diameter to achieve the nec- 
essary SNR. The smaller DBS antenna became possible through the use of digital mod- 
ulation techniques, which reduce the required received signal levels as compared to an 
analog system. DBS systems operate with carrier frequencies in the 10-12 GHz range 
(see Table 14.2), and typically use QPSK with digital multiplexing and error correction 
to deliver digital data at a rate of 40 Mbps. Several DBS satellites are used through- 
out the world to provide subscriber television service, sometimes with more than one 
satellite per coverage area. For North America, two satellites, DBS-1 and DBS-2, are 
in geostationary orbit at 101.2° and 100.8° longitude, and each provides 16 channels 
with 120 W of radiated power per channel. These satellites use opposite circular polar- 
izations to minimize loss due to precipitation, and to avoid interference with each other 
(polarization duplexing). 

Point-to-point radio systems: Point-to-point radios are used to provide dedicated data con- 
nections between two fixed points. Electric utility companies use point-to-point radios for 
transmission of telemetry information for the generation, transmission, and distribution of 
electric power between generating stations and substations. Point-to-point radios are also 
used to connect cellular base stations to the public switched telephone network, and are at- 
tractive because they are generally much cheaper than running high-bandwidth fiber-optic 
lines below ground level. Point-to-point radios usually operate in the 18, 24, or 38 GHz 
bands, and use a variety of digital modulation methods to provide data rates in excess of 
50 Mbps. High-gain antennas are typically used to minimize power requirements and to 
avoid interference with other users. 

Other wireless systems: Many other applications of wireless technology are being devel- 
oped, and we can only briefly mention some of these. One of the most pervasive may turn 
out to be Radio Frequency Identification (RFID) systems, which rely on small, low-cost 
tags that can receive an interrogatory RF signal and reply with a signal containing pre- 
programmed data. RFID tags can be used for retail products, inventory control, industrial 
materials, security applications, or any application that requires identification or tracking. 
An interesting feature of RFID tags is that they can be passively powered, whereby they 
store the power required for signaling by rectifying the interrogatory signal and charging a 
small capacitor. This is then used to drive very low power CMOS circuitry to transmit data 
back to the interrogating receiver. 
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Another area where wireless technology is beginning to experience growth is in motor 
vehicle and highway applications. These include toll collection, intelligent cruise control, 
collision avoidance radar, blind spot radar, traffic information, emergency messaging, and 
vehicle identification. Automatic toll collection is already in service in many parts of the 
United States and Europe. A number of automobile models are available with blind spot 
and collision sensors as optional equipment. 




RADAR SYSTEMS 



Radar, or radio detection and ranging, is the oldest application of microwave technology, 
dating back to World War II. In its basic operation, a transmitter sends out a signal, which 
is partly reflected by a distant target, and then detected by a sensitive receiver. If a narrow- 
beam antenna is used, the target's direction can be accurately given by the angular position 
of the antenna. The distance to the target is determined by the time required for a pulsed 
signal to travel to the target and back, and the radial velocity of the target is related to the 
Doppler shift of the return signal. Below are listed some of the typical applications of radar 
systems. 

Civilian applications 

• Airport surveillance 

• Marine navigation 

• Weather radar 

• Altimetry 

• Aircraft landing 

• Security alarms 

• Speed measurement (police radar) 

• Geographic mapping 

Military applications 

• Air and marine navigation 

• Detection and tracking of aircraft, missiles, and spacecraft 

• Missile guidance 

• Fire control for missiles and artillery 

• Weapon fuses 

• Reconnaissance 

Scientific applications 

• Astronomy 

• Mapping and imaging 

• Precision distance measurement 

• Remote sensing of the environment 

Early radar work in the United States and Britain began in the 1930s using very high 
frequency (VHF) sources. A major breakthrough occurred in the early 1940s with the 
British invention of the magnetron tube as a reliable source of high-power microwaves. 
Higher frequencies allowed the use of reasonably sized antennas with high gain, allowing 
mechanical tracking of targets with good angular resolution. Radar was quickly developed 
in Great Britain and the United States, and played an important role in World War II. 
Figure 14.19 shows a photograph of the phased array radar for the Patriot missile system. 

We will now derive the radar equation, which governs the basic operation of most 
radars, and then describe some of the more common types of radar systems. 
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FIGURE 14.19 



Photograph of the Patriot phased array radar. This is a C-band multifunction radar 
that provides tactical air defense, including target search and tracking, and missile 
fire control. The phased array antenna uses 5000 ferrite phase shifters to electron- 
ically scan the antenna beam. 
Courtesy of Raytheon Company, Waltham, Mass. 



The Radar Equation 

Two basic radar systems are illustrated in Figure 14.20; in a monostotic radar the same 
antenna is used for both transmit and receive, while a bistatic radar uses two separate an- 
tennas for these functions. Most radars are of the monostatic type, but in some applications 
(such as missile fire control) the target may be illuminated by a separate transmit antenna. 
Separate antennas are also sometimes used to achieve the necessary signal isolation be- 
tween transmitter and receiver. 

Here we will consider the monostatic case, but the bistatic case is very similar. If the 
transmitter radiates a power P t through an antenna of gain G, the power density incident 
on the target is, from (14.23), 

P,G 



S, 



(14.38) 



4ttR 2 ' 

where R is the distance to the target. It is assumed that the target is in the main beam 
direction of the antenna. The target will scatter the incident power in various directions; 
the ratio of the scattered power in a given direction to the incident power density is defined 
as the radar cross section, a, of the target. Mathematically, 

a = m 2 , (14.39) 

Si 

where P s is the total power scattered by the target, and S t is the power density incident on 
the target. The radar cross section thus has the dimensions of area, and is a property of the 
target itself. It depends on the incident and reflection angles, as well as on the polarizations 
of the incident and reflected waves. 

Since the target scatters as a source of finite size, the power density of the reradiated 
field must decay as 1/4jtR 2 away from the target. Thus the power density of the scattered 
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FIGURE 14.20 Basic monostatic and bistatic radar systems, (a) Monostatic radar system, 
(b) Bistatic radar system. 



field back at the receive antenna must be 

S r = 



P t Go 



(4-jtR 2 ) 2 ' 

Using (14.15) for the effective area of the antenna gives the received power as 

P t G 2 X 2 (j 



P r = 



(4jr) 3 tf 4 



(14.40) 



(14.41) 



This is the radar equation. Note that the received power varies as 1 /R 4 , which implies that 
a high-power transmitter and a sensitive low-noise receiver are needed to detect targets at 
long ranges. 

Because of noise received by the antenna and generated in the receiver, there will be 
some minimum detectable power that can be discriminated by the receiver. If this power is 
P m i n , then (14.41) can be rewritten to give the maximum range as 



P t G 2 aX 2 

(47T) 3 P mil 



1/4 



(14.42) 



Signal processing can effectively reduce the minimum detectable signal, and so increase 
the usable range. One very common processing technique used with pulse radars is pulse 
integration, in which a sequence of N received pulses is integrated over time. The effect 
is to reduce the noise level, which has a zero mean, relative to the returned pulse level, 
resulting in an improvement factor of approximately N [6]. 

Of course, the above results seldom describe the performance of an actual radar sys- 
tem. Factors such as propagation effects, the statistical nature of the detection process, and 
external interference often reduce the usable range of a radar system. 
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EXAMPLE 14.7 APPLICATION OF THE RADAR RANGE EQUATION 

A pulse radar operating at 10 GHz has an antenna with a gain of 28 dB and a 
transmitter power of 2 kW (pulse power). If it is desired to detect a target with a 
cross section of 12 m 2 , and the minimum detectable signal is —90 dBm, what is 
the maximum range of the radar? 

Solution 

The required numerical values are 

G = 10 28 / 10 = 631, 
P min = lO" 90 / 10 mW = 10" 12 W, 
X = 0.03 m. 

Then the radar range equation of (14.42) gives the maximum range as 



(2 x 10 3 )(631) 2 (12)(.03) 2 



(4jt) 3 (10- 12 ) 



1/4 



= 8114 m. 



Pulse Radar 

A pulse radar determines target range by measuring the round-trip time of a pulsed mi- 
crowave signal. Figure 14.21 shows a typical pulse radar system block diagram. The trans- 
mitter portion consists of a single-sideband mixer used to frequency offset a microwave 
oscillator of frequency fo by an amount equal to the IF frequency. After power amplifi- 
cation, pulses of this signal are transmitted by the antenna. The transmit/receive switch is 
controlled by the pulse generator to give a transmit pulse width r, with a pulse repetition 
frequency (PRF) of f r — 1/T r . The transmit pulse thus consists of a short burst of a mi- 
crowave signal at the frequency fo + fip. Typical pulse durations range from 100 ms to 
50 ns; shorter pulses give better range resolution, but longer pulses result in a better SNR 
after receiver processing. Typical pulse repetition frequencies range from 100 Hz to 100 
kHz; higher PRFs give more returned pulses per unit time, which improves performance, 
but lower PRFs avoid range ambiguities that can occur when R > cT r /2. 

In the receive mode, the returned signal is amplified and mixed with the local oscilla- 
tor of frequency fo to produce the desired IF signal. The local oscillator is used for both 
up-conversion in the transmitter and down-conversion in the receiver; this simplifies the 
system and avoids the problem of frequency drift, which would be a consideration if sepa- 
rate oscillators were used. The IF signal is amplified, detected, and fed to a video amplifier/ 
display. Search radars often use a continuously rotating antenna for 360° azimuthal cover- 
age; in this case the display shows a polar plot of target range versus angle. Modern radars 
use a computer for the processing of the detected signal and display of target information. 

The transmit/receive (T/R) switch in the pulse radar actually performs two functions: 
forming the transmit pulse train, and switching the antenna between the transmitter and 
receiver. This latter function is also known as duplexing. In principle, the duplexing func- 
tion could be achieved with a circulator, but an important requirement is that a high degree 
of isolation (about 80-100 dB) be provided between the transmitter and receiver to avoid 
transmitter leakage into the receiver, which would drown the target return (or possibly dam- 
age the receiver). As circulators typically achieve only 20-30 dB of isolation, some type of 
switch, with high isolation, is required. If necessary, further isolation can be obtained by 
using additional switches along the path of the transmitter circuit. 
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FIGURE 14.21 A pulse radar system and timing diagram. 



Doppler Radar 

If the target has a velocity component along the line of sight of the radar, the returned 
signal will be shifted in frequency relative to the transmitted frequency due to the Doppler 
effect. If the transmitted frequency is fy, and the radial target velocity is v, then the shift 
in frequency, or the Doppler frequency, will be 

2vf 0 



fd 



(14.43) 



where c is the velocity of light. The received frequency is then /o ± fd, where the plus 
sign corresponds to an approaching target and the minus sign corresponds to a receding 
target. 

Figure 14.22 shows a basic Doppler radar system. Observe that it is much simpler than 
a pulse radar since a continuous wave signal is used, and the transmit oscillator can also 
be used as a local oscillator for the receive mixer because the received signal is frequency 
offset by the Doppler frequency. The filter following the mixer should have a passband 
corresponding to the expected minimum and maximum target velocities. It is important 
that the filter have high attenuation at zero frequency, to eliminate the effect of clutter 
return and transmitter leakage at the frequency /o, as these signals would down-convert to 
zero frequency. Then a high degree of isolation is not necessary between transmitter and 
receiver, and a circulator can be used. This type of filter response also helps to reduce the 
effect of 1 // noise. 

The above radar cannot distinguish between approaching and receding targets, as the 
sign of fd is lost in the detection process. Such information can be recovered, however, by 
using a mixer that produces separately the upper and lower sideband products. 
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FIGURE 14.22 Doppler radar system. 



Since the return of a pulse radar from a moving target will contain a Doppler shift, it is 
possible to determine both the range and velocity (and position, if a narrow-beam antenna 
is used) of a target with a single radar. Such a radar is known as a pulse-Doppler radar, and 
it offers several advantages over pulse or Doppler radars. One problem with a pulse radar is 
that it is impossible to distinguish between a true target and clutter returns from the ground, 
trees, buildings, etc. Such clutter returns may be picked up from the antenna sidelobes. 
However, if the target is moving (e.g., as in an airport surveillance radar application), the 
Doppler shift can be used to separate its return from clutter, which is stationary relative to 
the radar. 



Radar Cross Section 

A radar target is characterized by its radar cross section, as defined in (14.36), which gives 
the ratio of scattered power to incident power density. The cross section of a target depends 
on the frequency and polarizations of the incident and scattered waves, and on the incident 
and reflected angles relative to the target. Thus we can define a monostatic cross section 
(incident and reflected angles identical), and a bistatic cross section (incident and reflected 
angles different). 

For simple shapes the radar cross section can be calculated as an electromagnetic 
boundary value problem; more complex targets require numerical techniques or measure- 
ment to find the cross section. The radar cross section of a conducting sphere can be cal- 
culated exactly; the monostatic result is shown in Figure 14.23, normalized to ita 2 , the 
physical cross-sectional area of the sphere. Note that the cross section increases very 
quickly with size for electrically small spheres (a X). This region is called the Rayleigh 
region, and it can be shown that a varies as (a /X) 4 in this region. (This strong dependence 
on frequency explains why the sky is blue, as the blue component of sunlight scatters more 
strongly from atmospheric particles than do the lower frequency red components.) 

For electrically large spheres, where a X, the radar cross section of the sphere is 
equal to its physical cross section, jta 2 . This is the optical region, where geometrical optics 
is valid. Many other shapes, such as flat plates at normal incidence, also have cross sections 
that approach the physical area for electrically large sizes. 

Between the Rayleigh region and the optical region is the resonance region, where 
the electrical size of the sphere is on the order of a wavelength. Here the cross section is 
oscillating with frequency due to phase addition and cancellation of various scattered field 
components. Of particular note is the fact that the cross section may reach quite high values 
in this region. 
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TABLE 14.3 Typical Radar Cross Sections 



Target 


a(m z ) 


Bird 


0.01 


Missile 


0.5 


Person 


1 


Small plane 


1-2 


Bicycle 


2 


Small boat 


2 


Fighter plane 


3-8 


Bomber 


30-40 


Large airliner 


100 


Truck 


200 




Complex targets such as aircraft or ships generally have cross sections that vary rapidly 
with frequency and aspect angle. In military applications it is often desirable to mini- 
mize the radar cross section of vehicles to reduce detectability. This can be accomplished 
by using radar-absorbing materials (lossy dielectrics) in the construction of the vehicle. 
Table 14.3 lists the approximate radar cross sections of a variety of different targets. 



RADIOMETER SYSTEMS 

A radar system obtains information about a target by transmitting a signal and receiving 
the echo from the target, and thus can be described as an active remote sensing system. 
Radiometry, however, is a passive technique, which develops information about a target 
solely from the microwave portion of the blackbody radiation (noise) that it either emits 
directly or reflects from surrounding bodies. A radiometer is a sensitive receiver specially 
designed to measure this noise power. 
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Earth 

FIGURE 14.24 Noise power sources in a typical radiometer application. 



Theory and Applications of Radiometry 

As discussed in Section 10.1, a body in thermodynamic equilibrium at a temperature T 
radiates energy according to Planck's radiation law. In the microwave region this result 
reduces to P — kTB, where k is Boltzmann's constant, B is the system bandwidth, and P 
is the radiated power. This result strictly applies only to a blackbody, which is defined as 
an idealized material that absorbs all incident energy and reflects none; a blackbody also 
radiates energy at the same rate as it absorbs energy, thus maintaining thermal equilibrium. 
A nonideal body will partially reflect incident energy, and so it does not radiate as much 
power as would a blackbody at the same temperature. A measure of the power radiated 
by a body relative to that radiated by an ideal blackbody at the same temperature is the 
emissivity, e, defined as 

e = — , (14.44) 
kTB 

where P is the power radiated by the nonideal body, and kTB is the power that would 
be emitted by a perfect blackbody. Thus, 0 < e < 1, and e — 1 for a perfect blackbody; 
emissivity may be thought of as the "efficiency" of blackbody radiation. 

As we saw in Section 10.1, noise power can also be quantified in terms of equivalent 
temperature. Thus, for radiometric purposes, we can define a brightness temperature, Tg, as 

T B = eT, (14.45) 

where T is the physical temperature of the body. This shows that, radiometrically, a body 
never looks hotter than its actual temperature, since 0 < e < 1. 

Consider Figure 14.24, which shows the antenna of a microwave radiometer receiving 
noise powers from various sources. The antenna is pointed at a region of Earth that has 
an apparent brightness temperature Tg- The atmosphere emits radiation in all directions; 
the component radiated directly toward the antenna is Tad, while the component reflected 
from Earth to the antenna is Tar. There may also be noise powers that enter the sidelobes 
of the antennas from the Sun or other sources. Thus, we can see that the total brightness 
temperature seen by the radiometer is a function of the scene under observation, as well 
as the observation angle, frequency, polarization, attenuation of the atmosphere, and the 
antenna pattern. The objective of radiometry is to infer information about the scene from 
the measured brightness temperature and an analysis of the radiometric mechanisms that 
relate brightness temperature to physical conditions of the scene. For example, the power 
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FIGURE 14.25 Photograph of a stepped frequency microwave radiometer, operating at 4.7-7.2 
GHz. This instrument is flown on aircraft to measure brightness temperature and 
infer ocean surface wind speed and rain rate estimation in hurricanes. 
Courtesy of ProSensing, Inc., Amherst, Mass. 

reflected from a uniform layer of snow over soil can be treated as plane wave reflection 
from a multilayer dielectric region, leading to the development of an algorithm that gives 
the thickness of the snow in terms of measured brightness temperature at various frequen- 
cies. Figure 14.25 shows a commercial multifrequency airborne radiometer for weather 
applications. 

Microwave radiometry has developed over the last 20 years into a mature technology, 
one that is strongly interdisciplinary, drawing on results from fields such as electrical en- 
gineering, oceanography, geophysics, and atmospheric and space sciences, to name a few. 
Some of the more important applications of microwave radiometry are listed below. 

Environmental applications 

• Measurement of soil moisture 

• Flood mapping 

• Snow cover/ice cover mapping 

• Ocean surface wind speed 

• Atmospheric temperature profile 

• Atmospheric humidity profile 

Military applications 

• Target detection 

• Target recognition 

• Surveillance 

• Mapping 

Astronomy applications 

• Planetary mapping 

• Solar emission mapping 

• Mapping of galactic objects 

• Measurement of cosmological background radiation 
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FIGURE 14.26 Total power radiometer block diagram. 



Total Power Radiometer 

The aspect of radiometry that is of most interest to the microwave engineer is the design 
of the radiometer itself. The basic problem is to build a receiver that can distinguish be- 
tween the desired external radiometric noise and the inherent noise of the receiver, even 
though the radiometric power is usually less than the receiver noise power. Although it 
is not a very practical instrument, we will first consider the total power radiometer be- 
cause it represents a simple and direct approach to the problem and serves to illustrate the 
difficulties involved in radiometer design. 

The block diagram of a typical total power radiometer is shown in Figure 14.26. The 
front end of the receiver is a standard superheterodyne circuit consisting of an RF amplifier, 
a mixer/local oscillator, and an IF stage. The IF filter determines the system bandwidth, B. 
The detector is generally a square-law device, so that its output voltage is proportional 
to the input power. The integrator is essentially a low-pass filter with a cutoff frequency 
of 1/r, and serves to smooth out short-term variations in the noise power. For simplicity, 
we assume that the antenna is lossless, although in practice antenna loss will affect the 
apparent temperature of the antenna, as given in (14.18). 

If the antenna is pointed at a background scene with a brightness temperature Tr, 
the antenna power will be Pa — IcTrB; this is the desired signal. The receiver contributes 
noise that can be characterized as a power Pr = IcTrB at the receiver input, where Tr 
is the overall noise temperature of the receiver. Thus the output voltage of the radio- 
meter is 

V 0 = G(T B +T R )kB, (14.46) 

where G is the overall gain constant of the radiometer. Conceptually, the system is cali- 
brated by replacing the antenna input with two calibrated noise sources, from which the 
system constants GkB and GTrIcB can be determined. (This is similar to the F-factor 
method for measuring noise temperature.) Then the desired brightness temperature, Tr, 
can be determined. 

Two types of errors occur with this radiometer. First is an error, ATn, in the mea- 
sured brightness temperature due to noise fluctuations. Since noise is a random process, the 
measured noise power may vary from one integration period to the next. The integrator (or 
low-pass filter) acts to smooth out ripples in V„ with frequency components greater than 
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1/t. It can be shown that the remaining error is [7] 



Tb + T R 

AT N = - . (14.47) 



This result shows that if a longer measurement time, r, can be tolerated, the error due to 
noise fluctuation can be reduced to a negligible value. 

A more serious error is due to random variations in the system gain, G. Such varia- 
tions generally occur in the RF amplifier, mixer, or IF amplifier, over a period of 1 s or 
longer. If the system is calibrated with a certain value of G, which changes by the time a 
measurement is made, an error will occur, as given in reference [7] as 

AT G = (T B + T R )^ 1 -, (14.48) 

where AG is the rms change in the system gain, G. 

It will be useful to consider some typical numbers. For example, a 10 GHz total power 
radiometer may have a bandwidth of 100 MHz, a receiver temperature of Tr — 500 K, an 
integrator time constant of r = 0.01 s, and a system gain variation of AG/G = 0.01. If 
the antenna temperature is Tb — 300 K, (14.47) gives the error due to noise fluctuations as 
ATjv = 0.8 K, while (14.48) gives the error due to gain variations as ATq — 8 K. These 
results, which are based on reasonably realistic data, show that gain variation is the most 
detrimental factor affecting the accuracy of the total power radiometer. 



The Dicke Radiometer 

We have seen that the dominant factor affecting the accuracy of the total power radiometer 
is the variation of gain of the overall system. Since such gain variations have a relatively 
long time constant (>1 s), it is conceptually possible to eliminate this error by repeatedly 
calibrating the radiometer at rapid rate. This is the principle behind the operation of the 
Dicke null-balancing radiometer. 

A system diagram is shown in Figure 14.27. The superheterodyne receiver is identical 
to the total power radiometer, but the input is periodically switched between the antenna 
and a variable power noise source; this switch is called the Dicke switch. The output of the 
square-law detector drives a synchronous demodulator, which consists of a switch and a 
difference circuit. The demodulator switch operates in synchronism with the Dicke switch, 
so that the output of the subtractor is proportional to the difference between the noise pow- 
ers from the antenna, T B , and the reference noise source, Tref- The output of the subtractor 
is then used as an error signal to a feedback control circuit, which controls the power level 
of the reference noise source so that V 0 approaches zero. In this balanced state, T B — 7ref> 
and Tb can be determined from the control voltage, V c . The square-wave sampling fre- 
quency, f s , is chosen to be much faster than the drift time of the system gain, so that this 
effect is virtually eliminated. Typical sampling frequencies range from 10 to 1000 Hz. 

A typical radiometer would measure brightness temperature Tb over a range of about 
50-300 K; this then implies that the reference noise source would have to cover this same 
range, which is difficult to do in practice. Thus, there are several variations on the above 
design, differing essentially in the way that the reference noise power is controlled or added 
to the system. One possible method is to use a constant 7ref that is somewhat hotter than 
the maximum Tb to be measured. The amount of reference noise power delivered to the 
system is then controlled by varying the pulse width of the sampling waveform. Another 
approach is to use a constant reference noise power, and vary the gain of the IF stage 
during the reference sample time to achieve a null output. Other possibilities, including 
alternatives to the Dicke radiometer, are discussed in the literature [7]. 
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FIGURE 14.27 Balanced Dicke radiometer block diagram. 
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MICROWAVE PROPAGATION 

In free-space, electromagnetic waves propagate in straight lines without attenuation or 
other adverse effects. Free-space, however, is an idealization that is only approximated 
when RF or microwave energy propagates through the atmosphere or in the presence of 
Earth. In practice, the performance of a communication, radar, or radiometry system may 
be seriously affected by propagation effects such as reflection, refraction, attenuation, or 
diffraction. Below we discuss some specific propagation phenomenon that can influence 
the operation of microwave systems. It is important to realize that propagation effects gen- 
erally cannot be quantified in any exact or rigorous sense, but can only be described in 
terms of their statistics. 



Atmospheric Effects 

The relative permittivity of the atmosphere is close to unity, but is actually a function of 
air pressure, temperature, and humidity. An empirical result that is useful at microwave 
frequencies is given by [6] 



e r = 



( Jl9P UV 3.8xl0 5 v\ 
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ic pressure in millibars, T is the temperat 



(14.49) 



where P is the barometric pressure in millibars, T is the temperature in kelvins, and V 
is the water vapor pressure in millibars. This result shows that permittivity generally de- 
creases (approaches unity) as altitude increases since pressure and humidity decrease with 
height faster than does temperature. This change in permittivity with altitude causes radio 
waves to bend toward Earth, as depicted in Figure 14.28. Such refraction of radio waves 
can sometimes be useful since it may extend the range of radar and communication systems 
beyond the limit imposed by the presence of Earth's horizon. 
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If an antenna is at a height, h, above Earth, simple geometry gives the line-of-sight 
distance to the horizon as 

d = V2Rh, (14.50) 

where R is the radius of Earth. From Figure 14.28 we see that the effect of refraction on 
range can be accounted for by using an effective Earth radius kR, where k > 1 . A value 
commonly used [6] is k — 4/3, but this is only an average value, which changes with 
weather conditions. In a radar system, refraction effects can lead to errors when determin- 
ing the elevation of a target close to the horizon. 

Weather conditions can sometimes produce a localized temperature inversion, where 
the temperature increases with altitude. Equation (14.49) then shows that the atmospheric 
permittivity will decrease much faster than normal with increasing altitude. This condition 
can sometimes lead to ducting (also called trapping, or anomalous propagation), where a 
radio wave can propagate long distances parallel to Earth's surface via the duct created by 
the layer of air along the temperature inversion. The situation is very similar to propagation 
in a dielectric waveguide. Such ducts can range in height from 50 to 500 feet, and may be 
near Earth's surface or higher in altitude. 

Another atmospheric effect is attenuation, caused primarily by the absorption of mi- 
crowave energy by water vapor or molecular oxygen. Maximum absorption occurs when 
the frequency coincides with one of the molecular resonances of water or oxygen, and thus 
atmospheric attenuation has distinct peaks at these frequencies. Figure 14.29 shows the 
atmospheric attenuation versus frequency. At frequencies below 10 GHz the atmosphere 
has very little effect on the strength of a signal. At 22.2 and 183.3 GHz, resonance peaks 
occur due to water vapor resonances, while resonances of molecular oxygen cause peaks 
at 60 and 120 GHz. Thus there are "windows" in the millimeter wave band near 35, 94, 
and 135 GHz where radar and communication systems can operate with minimum loss. 
Precipitation such as rain, snow, or fog will increase the attenuation, especially at higher 
frequencies. The effect of atmospheric attenuation can be included in system design when 
using the Friis transmission equation or the radar equation. 

In some instances the system frequency may be chosen at a point of maximum at- 
mospheric attenuation. Remote sensing of the atmosphere (temperature, water vapor, rain 
rate) is often done with radiometers operating near 20 or 55 GHz to maximize the sensing 
of atmospheric conditions. Another interesting example is spacecraft-to-spacecraft com- 
munication at 60 GHz. This millimeter wave frequency band has the advantages of a large 
bandwidth and small antennas with high gains, and, since the atmosphere is very lossy at 
this frequency, the possibilities of interference, jamming, and eavesdropping from Earth 
are greatly reduced. 
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FIGURE 14.29 Average atmospheric attenuation versus frequency (horizontal polarization). 



Ground Effects 

The most obvious effect of the presence of the ground on RF and microwave propagation 
is reflection from Earth's surface (land or sea). As shown in Figure 14.30, a radar target (or 
receiver antenna) may be illuminated by both a direct wave from the transmitter and a wave 
reflected from the ground. The reflected wave is generally smaller in amplitude than the 
direct wave because of the larger distance it travels, the fact that it usually radiates from 
the sidelobe region of the transmit antenna, and the fact that the ground is not a perfect 
reflector. Nevertheless, the received signal at the target or receiver will be the vector sum 
of the two wave components and, depending on the relative phases of the two waves, may 
be greater or less than the direct wave alone. Because the distances involved are usually 
very large in terms of the electrical wavelength, even a small variation in the permittivity 
of the atmosphere can cause fading (long-term fluctuations) or scintillation (short-term 
fluctuations) in the signal strength. These effects can also be caused by reflections from 
inhomogeneities in the atmosphere. 

In communication systems fading can sometimes be reduced by making use of the fact 
that the fading of two communication channels having different frequencies, polarizations, 




FIGURE 14.30 



Direct and reflected waves over Earth's surface. 
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or physical locations is essentially independent. Thus a communication link can reduce 
fading effects by combining the outputs of two (or more) such channels; this is called a 
diversity system. 

Another ground effect is diffraction, whereby a radio wave scatters energy in the vicin- 
ity of the line-of-sight boundary at the horizon, thus giving a range slightly beyond the 
horizon. This effect is usually very small at microwave frequencies. Of course, when ob- 
stacles such as hills, mountains, or buildings are in the path of propagation, diffraction 
effects can be stronger. 

In a radar system, unwanted reflections often occur from terrain, vegetation, trees, 
buildings, and the surface of the sea. Such clutter echoes generally degrade or mask the 
return of a true target, or show up as a false target, in the context of a surveillance or 
tracking radar. In mapping or remote sensing applications such clutter returns may actually 
constitute the desired signal. 

Plasma Effects 

A plasma is a gas consisting of ionized particles. The ionosphere consists of spherical 
layers of atmosphere with particles that have been ionized by solar radiation, and thus 
forms a plasma region. A very dense plasma is formed on a spacecraft as it reenters the 
atmosphere from outer space, due to the high temperatures produced by friction. Plasmas 
are also produced by lightning, meteor showers, and nuclear explosions. 

A plasma is characterized by the number of ions per unit volume; depending on this 
density and the frequency, a wave might be reflected, absorbed, or transmitted by the 
plasma medium. An effective permittivity can be defined for a uniform plasma region as 



where 




(14.51) 



(14.52) 



is the plasma frequency. In (14.52), q is the charge of the electron, m is the mass of the 
electron, and N is the number of ionized particles per unit volume. By studying the solution 
of Maxwell's equations for plane wave propagation in such a medium, it can be shown that 
wave propagation through a plasma is only possible for a> > a> p . Lower frequency waves 
will be totally reflected. If a magnetic field is present, the plasma becomes anisotropic, and 
the analysis is more complicated. Earth's magnetic field may be strong enough to produce 
such an anisotropy in some cases. 

The ionosphere consists of several different layers with varying ion densities; in order 
of increasing ion density, these layers are referred to as D, E, Fi, and Fi. The character- 
istics of these layers depend on seasonal weather and solar cycles, but the average plasma 
frequency is about 8 MHz. Thus, signals at frequencies less than 8 MHz (e.g., short-wave 
radio) can reflect off the ionosphere to travel distances well beyond the horizon. Higher 
frequency signals, however, will pass through the ionosphere. 

In the case of a spacecraft entering the atmosphere, the high velocity produces a very 
dense plasma around the vehicle. The electron density is high enough that, from (14.52), 
the plasma frequency is very high, thus inhibiting communication with the spacecraft until 
its velocity has decreased. Besides this blackout effect, the plasma layer may also cause a 
large impedance mismatch between the antenna and its feed line. 
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Microwave Heating 

To the average consumer the term "microwave" connotes a microwave oven, used in many 
households for heating food; industrial and medical applications also exist for microwave 
heating. As shown in Figure 14.31, a microwave oven is a relatively simple system consist- 
ing of a high-power microwave source, a waveguide feed, and the oven cavity. The source 
is generally a magnetron tube operating at 2.45 GHz, although 915 MHz is sometimes used 
when greater penetration is desired. Power output is usually in the range of 500-1500 W. 
The oven cavity has metallic walls, and is electrically large. To reduce the effect of uneven 
heating caused by standing waves in the oven, a "mode stirrer," which is just a metallic fan 
blade, is used to perturb the field distribution inside the oven. The food is also rotated with 
a motorized platter. 

In a conventional oven a gas or charcoal fire, or an electric heating element, generates 
heat external to the material to be heated. The outside portion of the material is heated by 
convection, and the inside of the material is warmed by conduction from the outer portion. 
In microwave heating, by contrast, the inside of the material is heated first. The process 
through which this occurs primarily involves the conduction losses in food materials hav- 
ing large loss tangents [8, 9]. An interesting fact is that the loss tangents of many foods 
decrease with increasing temperature, so that microwave heating is to some extent self- 
regulating. The result is that microwave cooking generally gives faster and more uniform 
heating of food as compared with conventional cooking. The efficiency of a microwave 
oven, when defined as the ratio of power converted to heat (in the food) to the power sup- 
plied to the oven, is generally less than 50%, but this is usually greater than the cooking 
efficiency of a conventional oven. 

The most critical issue in the design of a microwave oven is safety. Since a very high 
power source is used, leakage must be very small to avoid exposing the user to harm- 
ful radiation. Thus the magnetron, feed waveguide, and oven cavity must all be carefully 
shielded. The door of the oven requires particular attention; besides close mechanical tol- 
erances, the joint around the door usually employs RF-absorbing material and a A/4 choke 
flange to reduce power leakage to an acceptable level. 



Power Transfer 

Electrical power transmission lines are a very efficient and convenient way to transfer 
energy from one point to another, as they have relatively low loss and initial costs, and can 
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FIGURE 14.31 A microwave oven. 
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be easily routed. There are applications, however, where it is inconvenient or impossible to 
use such power lines. In such cases it is conceivable that electrical power can be transmitted 
without wires by a well -focused microwave beam [10]. 

One example is a solar satellite power station, where it has been proposed that elec- 
tricity be generated in space by a large orbiting array of solar cells and transmitted to a 
receiving station on Earth by a microwave beam. We would thus be provided with a virtu- 
ally inexhaustible source of electricity. Placing the solar arrays in space has the advantage 
of power delivery uninterrupted by darkness, clouds, or precipitation, which are problems 
encountered with Earth-based photovoltaic arrays. 

To be economically competitive with other sources, a solar power satellite station 
would have to be very large. One proposal involves a solar array about 5 x 10 km in size 
feeding a 1 km diameter phased array antenna. The power output on Earth would be on the 
order of 5 GW. Such a project is extremely large in terms of cost and complexity. Also of 
legitimate concern is the operational safety of such a scheme, in terms of both the radiation 
hazards associated with the system when it is operating as designed, and the risks involved 
with a malfunction of the system. These considerations, as well as the political and philo- 
sophical ramifications of such a large, centralized power system, have made the future of 
the solar power satellite station doubtful. 

Similar in concept, but on a much smaller scale, is the transmission of electrical power 
from Earth to a vehicle such as a small drone helicopter or airplane. The advantages are 
that such an aircraft could run indefinitely, and very quietly, at least over a limited area. 
Battlefield surveillance and weather prediction would be some possible applications. The 
concept has been demonstrated with several projects involving small pilotless aircraft. 

On an even smaller scale is the wireless transmission of power to RFID tags, which is 
feasible primarily because of the very low DC power required for appropriately designed 
CMOS circuitry. A related idea is the collection of ambient RF power to charge batteries of 
portable devices. This sounds attractive, and may be possible in principle, but it is probably 
not feasible in most situations, especially when other power sources are available. 

Biological Effects and Safety 

The proven dangers of exposure to RF and microwave radiation are due to thermal effects. 
The body absorbs RF and microwave energy and converts it to heat; as in the case of a 
microwave oven, this heating occurs within the body and may not be felt at low levels. 
Such heating is most dangerous in the brain, the eye, the genitals, and the stomach organs. 
Excessive radiation can lead to cataracts, sterility, or cancer. It is important to determine 
a safe radiation level standard so that users of RF and microwave equipment will not be 
exposed to harmful power levels. 

At the time of this writing, the most recent IEEE safety standard for human exposure 
to electromagnetic fields is given by IEEE Standard C95. 1-2005. In the RF-microwave fre- 
quency range of 100 MHz to 100 GHz, exposure limits are specified for the power density 
(W/m 2 ) as a function of frequency, as shown in Figure 14.32. This graph shows both the 
recommended limits for the general population, and for exposure in controlled environ- 
ments that exist for occupational workers. These limits apply to exposure averaged over 
either 6 minutes (for occupational workers) or 30 minutes (for the general population). 
The recommended safe power density limits are generally lower at lower frequencies be- 
cause fields penetrate the body more deeply at these frequencies. At higher frequencies 
most of the power absorption occurs near the skin surface, so the safe limits can be higher. 
At frequencies below 100 MHz electric and magnetic fields interact with the body differ- 
ently than higher frequency electromagnetic fields, and so separate limits are given for field 
components at these lower frequencies. 
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FIGURE 14.32 IEEE Standard C95. 1-2005 recommended power density limits for human expo- 
sure to RF and microwave electromagnetic fields. For a controlled (occupational) 
environment the exposure is averaged over a 6 minute period, while for the gen- 
eral population the exposure is averaged over a 30 minute period. 



In the United States, the Federal Communications Commission (FCC) sets a separate 
exposure limit for hand-held wireless devices (cell phones, PDAs, smartphones, etc). These 
limits are given in terms of the Specific Absorption Rate (SAR), which measures how much 
power is dissipated as heat in a unit of tissue mass. Specific Absorption Rate is defined as 

SAR = — |£| 2 W/kg, (14.53) 
2p 

where a is the conductivity of the tissue (S/m), p is the density of the tissue (kg/m 3 ), and 
E is the electric field in the tissue sample. For partial body exposure (typically the head or 
hand), the FCC limit on SAR is 1.6 W/kg, averaged over 1 g of tissue. All wireless devices 
sold in the United States must meet this standard. Other countries have standards that are 
similar in nature and scope. The European Union, for example, requires hand held wireless 
devices to have SAR exposure of less than 2 W/kg, averaged over 10 g of tissue. 

A separate standard applies to microwave ovens sold in the United States, requiring 
that all ovens be tested to ensure that the power level at 5 cm from any point on the oven 
does not exceed 1 mW/cm 2 . 

Most experts feel that the above limits represent safe levels, with a reasonable margin. 
Some researchers, however, feel that health hazards may occur due to nonthermal effects 
of long-term exposure to even low levels of microwave radiation. 

EXAMPLE 14.8 POWER DENSITY IN THE VICINITY OF A MICROWAVE 
RADIO LINK 

An 18 GHz common-carrier microwave communications link uses a tower- 
mounted antenna with a gain of 36 dB and a transmitter power of 10 W. To evalu- 
ate the radiation hazard of this system, calculate the power density at a distance of 
20 m from the antenna. Do this for a position in the main beam of the antenna, and 
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for a position in the sidelobe region of the antenna. Assume a worst-case sidelobe 
level of-lOdB. 

Solution 

The numerical gain of the antenna is 

G, = 10 36/10 = 4000. 

From (14.23), the power density in the main beam of the antenna at a distance of 
R — 20 m is 

^ = (10H4000) 
av s 4 7tR 2 4jt(20) 2 

The worst-case power density in the sidelobe region is 10 dB below this value, or 
0.8 W/m 2 . 

Thus, the power density in the main beam at 20 m is below the U.S. standard 
for radiation hazard for the general population, while the power density in the 
sidelobe region is well below this limit. These power levels will diminish rapidly 
with increasing distance due to the 1 / r 2 dependence. ■ 
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PROBLEMS 



14.1 The Iridium satellite communication system was designed with a link margin of 16 dB, and was orig- 
inally advertised as being capable of providing service to users with hand-held phones in vehicles, 
buildings, and urban areas. Today, after bankruptcy and restructuring of the company, it is rec- 
ommended that Iridium phones be used outdoors, with a line of sight to the satellites. Find some 
estimates of the link margins (due to fading) required for L-band communications into vehicles and 
buildings. Do you think the Iridium system would have operated reliably in these environments? If 
not, why was the system designed with a 16 dB link margin? 

14.2 An antenna has a radiation pattern function given by Fg(6,4>) = A sin 2 6 cos <f>. Find the main beam 
position, the 3 dB beamwidths in the principal planes, and the directivity (in dB) for this antenna. 
What is the polarization of this antenna? 
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14.3 A monopole antenna on a large ground plane has a far-field pattern function given by Fq{9, <f>) — 
A sine for 0 < 6 < 90°. The radiated field is zero for 90° < 6 < 180°. Find the directivity (in dB) 
of this antenna. 

14.4 A DBS reflector antenna operating at 12.4 GHz has a diameter of 18 inches. If the aperture efficiency 
is 65%, find the directivity. 

14.5 A reflector antenna used for a cellular base station backhaul radio link operates at 38 GHz, with a gain 
of 39 dB, a radiation efficiency of 90%, and a diameter of 12 inches, (a) Find the aperture efficiency 
of this antenna, (b) Find the half-power beamwidth, assuming the beamwidths are identical in the 
two principal planes. 

14.6 A high-gain antenna array operating at 2.4 GHz is pointed toward a region of the sky for which the 
background can be assumed to be at a uniform temperature of 5 K. A noise temperature of 105 K is 
measured for the antenna temperature. If the physical temperature of the antenna is 290 K, what is 
its radiation efficiency? 

14.7 Derive equation (14.20) by treating the antenna and lossy line as a cascade of two networks whose 
equivalent noise temperatures are given by (14.18) and (10.15). 

14.8 Consider the replacement of a DBS dish antenna with a microstrip array antenna. A microstrip array 
offers an aesthetically pleasing flat profile, but suffers from relatively high dissipative loss in its feed 
network, which leads to a high noise temperature. If the background noise temperature is Tg = 50 K, 
with an antenna gain of 33.5 dB and a receiver LNB noise figure of 1.1 dB, find the overall G/T for 
the microstrip array antenna and the LNB if the array has a total loss of 2.5 dB. Assume the antenna 
is at a physical temperature of 290 K. 

14.9 At a distance of 300 m from an antenna operating at 5.8 GHz, the radiated power density in the main 
beam is measured to be 7.5 x 10 -3 W/m 2 . If the input power to the antenna is known to be 85 W, 
find the gain of the antenna. 

14.10 A cellular base station is to be connected to its Mobile Telephone Switching Office located 5 km 
away. Two possibilities are to be evaluated: (1) a radio link operating at 28 GHz, with Gt — G r — 
25 dB, and (2) a wired link using coaxial line having an attenuation of 0.05 dB/m, with four 30 dB 
repeater amplifiers along the line. If the minimum required received power level for both cases is the 
same, which option will require the smallest transmit power? 

14.11 A GSM cellular telephone system operates at a downlink frequency of 935-960 MHz, with a channel 
bandwidth of 200 kHz, and a base station that transmits with an EIRP of 20 W. The mobile receiver 
has an antenna with a gain of 0 dBi and a noise temperature of 450 K, and the receiver has a noise 
figure of 8 dB. Find the maximum operating range if the required minimum SNR at the output of the 
receiver is 10 dB, and a link margin of 30 dB is required to account for propagation into vehicles, 
buildings, and urban areas. 

14.12 Consider the GPS receiver system shown below. The guaranteed minimum LI (1575 MHz) carrier 
power received by an antenna on Earth having a gain of 0 dBi is 5/ = — 160 dBW. A GPS receiver is 
usually specified as requiring a minimum carrier-to-noise ratio, relative to a 1 Hz bandwidth, of C/N 
(Hz). If the receiver antenna actually has a gain Ga and a noise temperature T A , derive an expression 
for the maximum allowable amplifier noise figure F, assuming an amplifier gain G and a connecting 
line loss L. Evaluate this expression for C/N = 32 dB-Hz, G A = 5 dB, T A = 300 K, G = 10 dB, 
and L = 25 dB. 
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14.13 



A key premise in many science fiction stories is the idea that radio and TV signals from Earth 
can travel through space and be received by listeners in another star system. Show that this is a 
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fallacy by calculating the maximum distance from Earth where a signal could be received with a 
SNR of 0 dB. Specifically, assume TV channel 4, broadcasting at 67 MHz, with a 4 MHz band- 
width, a transmitter power of 1000 W, transmit and receive antenna gains of 4 dB, a cosmic back- 
ground noise temperature of 4 K, and a perfectly noiseless receiver. How much would this dis- 
tance decrease if an SNR of 30 dB is required at the receiver? (30 dB is a typical value for good 
reception of an analog video signal.) Relate these distances to the nearest planet in our solar 
system. 

14.14 The Mariner 10 spacecraft used to explore the planet Mercury in 1974 used BPSK with Pj, = 0.05 
(Eh/ hq = 1.4 dB) to transmit image data back to Earth (a distance of about 1.6 x 10 8 km). The 
spacecraft transmitter operated at 2.295 GHz, with an antenna gain of 27.6 dB and a carrier power 
of 16.8 W. The ground station had an antenna with a gain of 61.3 dB and an overall system noise 
temperature of 13.5 K. Find the maximum possible data rate. 

14.15 Derive the radar equation for the bistatic case where the transmit and receive antennas have gains of 
Gt and G r , and are at distances R t and R r from the target, respectively. 

14.16 A pulse radar has a pulse repetition frequency f r — l/T r . Determine the maximum unambiguous 
range of the radar. (Range ambiguity occurs when the round-trip time of a return pulse is greater than 
the pulse repetition time, so it becomes unclear as to whether a given return pulse belongs to the last 
transmitted pulse or some earlier transmitted pulse.) 

14.17 A Doppler radar operating at 12 GHz is intended to detect target velocities ranging from 1 to 
20 m/sec. What is the required passband of the Doppler filter? 

14.18 A pulse radar operates at 2 GHz and has a per-pulse power of 1 kW. If it is to be used to detect 
a target with a — 20 m 2 at a range of 10 km, what should be the minimum isolation between the 
transmitter and receiver so that the leakage signal from the transmitter is at least 10 dB below the 
received signal? Assume an antenna gain of 30 dB. 

14.19 An antenna having a gain G is shorted at its terminals. What is the minimum monostatic radar cross 
section in the direction of the main beam? 

14.20 Consider the radiometer antenna shown below, where the antenna is at a physical temperature T p 
and has a radiation efficiency >? rac i, and an impedance mismatch T at its terminals. If T$ is the ap- 
parent temperature seen by the radiometer, show that ATg/AT tnie is equal to the product of radia- 
tion efficiency and mismatch loss, by applying two background temperatures, Tg = T p and Tg = 



14.21 The atmosphere does not have a definite thickness since it gradually thins with altitude, with a conse- 
quent decrease in attenuation. However, if we use a simplified "orange peel" model and assume that 
the atmosphere can be approximated by a uniform layer of fixed thickness, we can estimate the back- 
ground noise temperature seen through the atmosphere. Thus, let the thickness of the atmosphere 
be 4000 m, and find the maximum distance I to the edge of the atmosphere along the horizon, as 
shown in the figure below (the radius of Earth is 6400 km). Now assume an average atmospheric 
attenuation of 0.005 dB/km, with a background noise temperature beyond the atmosphere of 4 K, 
and find the noise temperature seen on Earth by treating the cascade of the background noise with 
the attenuation of the atmosphere. Do this for an ideal antenna pointing toward the zenith, and toward 
the horizon. 
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14.22 A 28 GHz radio link uses a tower-mounted reflector antenna with a gain of 32 dB and a transmit- 
ter power of 5 W. (a) Find the minimum distance within the main beam of the antenna for which 
the U.S-recommended safe power density limit of 10 mW/cm 2 is not exceeded, (b) How does this 
distance change for a position within the sidelobe region of the antenna if we assume a worst-case 
sidelobe level of 10 dB below the main beam? (c) Are these distances in the far-field region of the 
antenna? (Assume a circular reflector, with an aperture efficiency of 60%.) 

14.23 On a clear day, with the sun directly overhead, the received power density from sunlight is about 
1300 W/m 2 . If we make the simplifying assumption that this power is transmitted via a single- 
frequency plane wave, find the resulting amplitude of the incident electric and magnetic fields. 
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APPENDIX A pREF|XES 



Multiplying Factor 


Prefix 


Symbol 


10 12 


tera 


T 


10 9 


eisa 


G 


10 6 


mega 


M 


10 3 


kilo 




10 2 


hecto 


h 


in 1 


deka 




lO" 1 


deci 


d 


10" 2 


centi 


c 


lO" 3 


milli 


m 


10 -6 


micro 


li 


10- 9 


nano 


n 


lO" 12 


pico 


P 


lO" 15 


femto 


f 



APPENDIX B VECTOR ANALYSIS 

Coordinate Transformations 

Rectangular to cylindrical: 





X 


y 


z 


p 


COS (j> 


sm<f> 


0 




— sin0 


COS(f> 


0 


z 


0 


0 


1 



Rectangular to spherical: 





X 




s> 


z 


f 


sin 9 cos 4> 


sin( 


1 sine/) 


cos 9 


9 


cos 9 cos <p 


cos 


9 sin^> 


— sin# 


0 


— s'm(j> 


cos 


<> 


0 



Cylindrical to spherical: 





p 


4> 


z 


f 


sin 9 


0 


cos 9 


9 


cos 9 


0 


—sin 9 


4> 


0 


1 


0 
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These tables can be used to transform unit vectors as well as vector components; e.g.. 

p — x cos 4> + y sin 0 
A p — A x cos 0 + A y sin 0 



Vector Differential Operators 



Rectangular coordinates: 
9/ 



V • A 
V x A 



V 2 / 



V 2 A 



dx 

9A, 



.9/ 
9A, 



3A V , 

1 H i 

3x 3y 3z 



./9A Z 



8Ay 

~dz~ 



( dA x 

\ dz 



9V 9V a 2 / 

3x 2 3y 2 + dz 2 
xV 2 A x +yV 2 A y +zV 2 A z 



3A, 
3x 



3A y 
dx 



dA x 
dy 



Cylindrical coordinates: 



df .13/ 3/ 
V/ = p— +(p-— + z — 
dp p 30 dz 

13 1 dAs dA 7 

V.A = --(pA p ) + --f + — < 
p 3p p 30 3z 



V x A 



V 2 / 



V 2 A = V(V • A) - V x V x A 



I Mi 
p 30 



1 3 



p dp \ dp 



P- 



.19V + a 2 / 

p 2 30 2 3z 2 



3A, 
3p 



3(pA 0 ) 3A, 



9p 



30 



Spherical coordinates: 



V • A 
V x A = 



V 2 / 
V 2 A 



r — +e 

dr r 
1 3 



1 df 



9/ 



r sin 6* 30 
1 3 



„ (^A r ) + 
r z dr r smO dO 



(sin£A e ) + 



r 

r sin8 

t 
r 

1 3 



3(9 



(A^ sin 6>) 



dA e 



1 9A 0 
rsin6* 30 

1 3A r 3 
sin0 30 3r 



+ 



dr 



(rAg) 



; 9/ 



3A r 



r 2 3r ^ 3r 
VV-A-VxVxA 



1 



9 / . 9/ 

-= sinw — 

r 2 sin 6» 3(9 V 3(9 



9 2 / 



r 2 sin 2 9 d<t> 2 
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Vector identities: 



A D 
A ■ D 




| A 1 1 B | cos 0 , where 9 is the angle between A and B 


(B.l) 


I A D| 
\A X D\ 




| A 1 1 B | sin 9, where 9 is the angle between A and B . 


(B.2) 


A ■ /5 x C 




A X a ■ C = C X A ■ a 


(B.3) 


A x i> 


= 


D x , A 

— a x A 


(B.4) 


A x (B x C) 




(A • C)B — (A • B)C 


(B.5) 


V(fg) 


= 


V7 ^* i £~ V7 


(B.6) 


V • (/A) 




^ ' v / + / v ' A 


(B.7) 


V • (A X B) 




(V x A) ■ /5 — (V x B) ■ A 


(B.8) 


V x (/A) 




(V/) x A + /V x A 


(B.9) 


V x (A x B) 




AV • B - BV • A + (B • V)A - (A • V)B 


(B.10) 


V • (A • B) 




(A • V)B + (B • V)A + A x (V x B) + B x (V x A) 


(B.ll) 


V • V x A 




0 


(B.12) 


V x (V/) 




0 


(B.13) 


V x V x A 




VV • A — V 2 A 


(B.14) 



Note: the term V 2 A has meaning only for rectangular components of A. 

j V ■ Adv — <j) A ■ ds (divergence theorem) ((B.15)) 

v s 

j (V x A) • ds = j> A • dl (Stokes' theorem) ((B.16)) 

s c 

APPENDIX C beSSEL FUNCTIONS 

Bessel functions are solutions to the differential equation, 

p dp ( P dp ) + P 2 )^ ° (C-1) 

where k 2 is real and n is an integer. The two independent solutions to this equation are 
called ordinary Bessel functions of the first and second kind, written as J n (kp) and Y n (kp), 
and so the general solution to (C.l) is 

/(p) = AJ n (kp) + BY n (kp) (C.2) 

where A and B are arbitrary constants to be determined from boundary conditions. 
These functions can be written in series form as 

« ( -l)-"(x/2)"+ 2m 

/„(*)=> 7} , 71 (C3) 

'—' m\(n + my. 

m=0 



Y n (x) = - (y +ln J) /„(*) - - V 



"~ [ (n-m-iy. (2^ n ~ 2m 



m=0 



1 ^ (-l) m (x/2)"+ 2m /ll 1 1 1 \ 

7i *— ' m\(n+my. \ 2 3 m 2 n+mj 

m=0 



(C4) 
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FIGURE C.l Bessel functions of the first and second kind. 



where y = 0.5772 ... is Euler's constant, and x — kp. Note that Y n becomes infinite at 
x — 0, due to the In term. From these series expressions, small argument formulas can be 
obtained as 

1 /x\» 

-(-) (C.5) 

F 0 (x)~-lnx (C.6) 

Y n {x)~—(n-l)\( X -)\ «>0 (C.7) 

It \2/ 

Large argument formulas can be derived as 

Mx)~ J — cos (C.8) 
V it x V 4 2 / 

y„(x)^;-sin(x--- T ) (C.9) 

Figure C. 1 shows graphs of a few of the lowest order Bessel functions of each type. 
Recurrence formulas relate Bessel functions of different orders: 

Z n+l (x) = —Z n (x) - Z„_i(jc) (CIO) 
x 

Z'Jx) = —Z n (x) + Z„_i(jc) (C.ll) 
x 
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Z'(x) - -Z n (x) - Z„ + i(x) 
x 

1 

Z„(x) = -[Z„_i(x) - Z n+i (x)] 



(C12) 
(C.13) 



where Z„ = J n or Y n . The following integral relations involving Bessel functions are 
useful: 



^(kx)+[l-^-Azl(kx) 



(C14) 



rx x 
/ Z 2 1 (kx)xdx - — 
Jo * 

C x x 

J Z„(kx)Z„(£x)x dx = j 5 [kZ„(ix)Z n+ i(kx) - iZ„(kx)Z n+ i(£x)] (C.15) 

fPnm T „ 



'-(x) + -^J L n {x) 

X L 



Jf I J n 2 (x) + -^Jl(x) 



X dx — 2 (.Pnm) 
xdx= i 



(C.16) 



,7„ 2 (^ m ) (C.17) 



where J„(p nm ) — 0, and J„(p' nm ) — 0. The zeros of J n (x) and are on the following 
two pages. 

Zeros of Bessel Functions of First Kind: /„ (x) = 0 for 0 < x < 12 



n 


1 


2 


3 


4 


0 


2.4048 


5.5201 


8.6537 


11.7915 


1 


3.8317 


7.0156 


10.1735 




2 


5.1356 


8.4172 


11.6198 




3 


6.3802 


9.7610 






4 


7.5883 


11.0647 






5 


8.7715 








6 


9.9361 








7 


11.0864 









Extrema of Bessel Functions of First Kind: dj n (x)/dx = 0 for 
0 < x < 12 



n 


1 


2 


3 


4 


0 


3.8317 


7.0156 


10.1735 


13.3237 


1 


1.8412 


5.3314 


8.5363 


11.7060 


2 


3.0542 


6.7061 


9.9695 




3 


4.2012 


8.0152 


11.3459 




4 


5.3175 


9.2824 






5 


6.4156 


10.5199 






6 


7.5013 


11.7349 






7 
8 


8.5778 
9.6474 








9 


10.7114 








10 


11.7709 
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APPENDIX D 



OTHER MATHEMATICAL RESULTS 



Useful Integrals 



f a , niTx f a 

I cos dx — I 

Jo a Jq 



f 

Jo 



mux njtx 

cos cos ax 

a a 



f 

Jo 



sin 



dx = — , 

a 2 



f a mn 
— I sin — 

Jo a 



mux nitx 

sin dx — 0, 

a 



f a mjtx nitx 

I cos sin dx — 0 

Jo a a 



sin J 9d8 = 



for n > 1 (D.l) 
form^H (D.2) 
(D.3) 
(D.4) 



Taylor Series 



fix) = fixo) + (x -xq) 



1 



1 -x 
Vl +x 



df 
dx 



X=XQ 



x^ x J 

1+iH 1 h 

2! 3! 

1+x+x 2 + x 3 + ■■ 



x x 
1+ 2"Y + 



(x - xq) 2 d 2 f 
2! dx 2 



+ ... 



Inx - 2 



x - 1 



2 fx - 1 



x + 1/ 3 Vx + 1 



+ 



sinx = x - — + — +• 

x 2 x 4 
cosx = l-- + - + . 



for |x| < 1 
for |x| < 1 
for x > 0 



(D.5) 

(D.6) 
(D.7) 

(D.8) 

(D.9) 

(D.10) 
(D.ll) 



APPENDIX E 



PHYSICAL CONSTANTS 



• Permittivity of free-space = e 0 = 8.854 x 10~ 12 F/m 

• Permeability of free-space = /xq — An x 10~ 7 H/m 

• Impedance of free-space = r]o — 376.7 £2 

• Velocity of light in free-space — c — 2.998 x 10 8 m/s 

• Charge of electron = q = 1.602 x 10" 19 C 

• Mass of electron = m — 9.107 x 10~ 31 kg 

• Boltzmann's constant — k= 1.380 x 10" 23 J/°K 

• Planck's constant — h — 6.626 x 10 -34 J-sec 

• Gyromagnetic ratio — y — 1.759 x 10 11 C/Kg (for, 



= 2) 
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CONDUCTIVITIES FOR SOME MATERIALS 



Material Conductivity S/m (20° C) Material Conductivity S/m (20° C) 



Aluminum 


3 816 x 10 7 


Nichrome 


1.0 x 10 6 


Brass 


2 564 x 1 0 7 




I.449 x 10 7 


Bronze 


1.00 x 10 7 


Platinum 


9.52 x 10 6 


Chromium 


i O/ii; v i rCl 
D. o40 X 1U 


Sea water 


J— j 


Copper 


5.813 x 10 7 


Silicon 


4.4 x 10" 4 


Distilled water 


2 x 10 -4 


Silver 


6.173 x 10 7 


Germanium 


2.2 x 10 6 


Steel (silicon) 


2 x 10 6 


Gold 


4.098 x 10 7 


Steel (stainless) 


1.1 x 10 6 


Graphite 


7.0 x 10 4 


Solder 


7.0 x 10 6 


Iron 


1.03 x 10 7 


Tungsten 


1.825 x 10 7 


Mercury 


1.04 x 10 6 


Zinc 


1.67 x 10 7 


Lead 


4.56 x 10 6 







DIELECTRIC CONSTANTS AND LOSS TANGENTS FOR 
SOME MATERIALS 



Material Frequency e r tan<5 (25 °C) 



Alumina (99.5%) 


10 GHz 


9.5-10. 


0.0003 


Barium tetratitanate 


6 GHz 


37 ± 5% 


0.0005 


Beeswax 


10 GHz 


2.35 


0.005 


Beryllia 


10 GHz 


6.4 


0.0003 


Ceramic (A-35) 


3 GHz 


5.60 


0.0041 


Fused quartz 


10 GHz 


3.78 


0.0001 


Gallium arsenide 


10 GHz 


13.0 


0.006 


Glass (pyrex) 


3 GHz 


4.82 


0.0054 


Glazed ceramic 


10 GHz 


7.2 


0.008 


Lucite 


10 GHz 


2.56 


0.005 


Nylon (610) 


3 GHz 


2.84 


0.012 


Parafin 


10 GHz 


2.24 


0.0002 


Plexiglass 


3 GHz 


2.60 


0.0057 


Polyethylene 


10 GHz 


2.25 


0.0004 


Polystyrene 


10 GHz 


2.54 


0.00033 


Porcelain (dry process) 


100 MHz 


5.04 


0.0078 


Rexolite (1422) 


3 GHz 


2.54 


0.00048 


Silicon 


10 GHz 


11.9 


0.004 


Styrofoam (103.7) 


3 GHz 


1.03 


0.0001 


Teflon 


10 GHz 


2.08 


0.0004 


Titania (D-100) 


6 GHz 


96 ± 5% 


0.001 


Vaseline 


10 GHz 


2.16 


0.001 


Water (distilled) 


3 GHz 


76.7 


0.157 
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PROPERTIES OF SOME MICROWAVE FERRITE MATERIALS 



APPEND 





Trans-Tech 


Aw Ms 


AH 




T c An Mr 


Material 


Number 


G 


Oe 


e r tan S 


°C G 


Magnesium ferrite TT1-105 


1750 


225 


12.2 0.00025 


225 1220 


Magnesium ferrite TT1-390 


2150 


540 


12.7 0.00025 


320 1288 


Magnesium ferrite TT1-3000 


JUUU 




1 o q n nnn< 

YL.y U.UUUJ 


Zm\j zuuu 


Nickel ferrite 


TT2-101 


3000 


350 


12.8 0.0025 


585 1853 


Nickel ferrite 


TT2-113 


500 


150 


9.0 0.0008 


120 140 


Nickel ferrite 


TT2-125 


2100 


460 


12.6 0.001 


560 1426 


Lithium ferrite TT73- 1 700 


1700 


<400 


16.1 0.0025 


460 1139 


Lithium ferrite TT73-2200 


2200 


<450 


15.8 0.0025 


520 1474 


Yttrium garnet G-113 


1780 


45 


15.0 0.0002 


280 1277 


Aluminum garnet G-610 


680 


40 


14.5 0.0002 


185 515 


IX 1 

Iyv 1 STANDARD RECTANGULAR WAVEGUIDE DATA 




Recommended TEjo Cutoff 




Inside 


Outside 




Frequency Frequency 


np>ci (Tnatir*n 
LvCMglldllOll 


rtimpncinnt 


Dimensions 


Band* 


Range (GHz) 


(GHz) 


WT? \ Y 


[Inches (cm)] 


[Inches (cm)] 


L 


1.12-1.70 


0.908 


WR-650 


6.500 x 3.250 


6.660 x 3.410 










(16.51 x 8.255) 


(16.916 x 8.661) 


R 


1.70-2.60 


1.372 


WR-430 


4.300 x 2.150 


4.460 x 2.310 










(10.922 x 5.461) 


(11.328 x 5.867) 


S 


2.60-3.95 


2.078 


WR-284 


2.840 x 1.340 


3.000 x 1.500 










(7.214 x 3.404) 


(7.620 x 3.810) 


H(G) 


3.95-5.85 


3.152 


WR-187 


1.872 x 0.872 


2.000 x 1.000 










(4.755 x 2.215) 


(5.080 x 2.540) 


C(J) 


5.85-8.20 


4.301 


WR-137 


1.372 x 0.622 


1.500 x 0.750 










(3.485 x 1.580) 


(3.810 x 1.905) 


W(H) 


7.05-10.0 


5.259 


WR-112 


1.122 x 0.497 


1.250 x 0.625 










(2.850 x 1.262) 


(3.175 x 1.587) 


X 


8.20-12.4 


6.557 


WR-90 


0.900 x 0.400 


1.000 x 0.500 










(2.286 x 1.016) 


(2.540 x 1.270) 


Ku(P) 


12.4-18.0 


9.486 


WR-62 


0.622 x 0.311 


0.702 x 0.391 










(1.580 x 0.790) 


(1.783 x 0.993) 


K 


18.0-26.5 


14.047 


WR-42 


0.420 x 0.170 


0.500 x 0.250 










(1.07 x 0.43) 


(1.27 x 0.635) 


Ka(R) 


26.5^0.0 


21.081 


WR-28 


0.280 x 0.140 


0.360 x 0.220 










(0.711 x 0.356) 


(0.914 x 0.559) 


Q 


33.0-50.5 


26.342 


WR-22 


0.224 x 0.112 


0.304 x 0.192 










(0.57 x 0.28) 


(0.772 x 0.488) 


u 


40.0-60.0 


31.357 


WR-19 


0.188 x 0.094 


0.268 x 0.174 










(0.48 x 0.24) 


(0.681 x 0.442) 


V 


50.0-75.0 


39.863 


WR-15 


0.148 x 0.074 


0.228 x 0.154 










(0.38 x 0.19) 


(0.579 x 0.391) 


E 


60.0-90.0 


48.350 


WR-12 


0.122 x 0.061 


0.202 x 0.141 










(0.31 x 0.015) 


(0.513 x 0.356) 


W 


75.0-110.0 


59.010 


WR-10 


0.100 x 0.050 


0.180 x 0.130 










(0.254 x 0.127) 


(0.458 x 0.330) 


F 


90.0-140.0 


73.840 


WR-8 


0.080 x 0.040 


0.160 x 0.120 










(0.203 x 0.102) 


(0.406 x 0.305) 


D 


110.0-170.0 


90.854 


WR-6 


0.065 x 0.0325 


0.145 x 0.1125 










(0.170 x 0.083) 


(0.368 x 0.2858) 


G 


140.0-220.0 


115.750 


WR-5 


0.051 x 0.0255 


0.131 x 0.1055 










(0.130 x 0.0648) 


(0.333 x .2680) 



* Letters in parentheses denote alternative designations. 
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Answers to Selected Problems 



1.2 (a) r) = 236 £2, (b) v p = 1.88 x 10 8 m/sec, (c) 1 = 0.0784 m, (d) A0 = 229.5° 

1.8 (b)f -0.017 mm 

1.9 (a) Si = 46.0 W/m 2 , S r = 0.595 W/m 2 , (b) S in = 45.6 W/m 2 

2.1 (a) / = 600 MHz, (b) v p = 2.08 x 10 8 m/sec, (c) X = 0.346 m, (d) s r = 2.08, 
(e) / (z) = 1.8e"^ z , (f) u (f, z) = 0.135 cos {cat - 0z) 

2.3 a - 0.38 dB/m 

2.8 Z in = 203. - y'5.2 Q 

2.9 Z in = 19.0 - j20.6 Q, V L = 0.62/83° 

2.11 I = 2.147 cm, t = 3.324 cm 

2.12 Z 0 = 66.7 Q, or 150.0 £2 
2.16 P L = 0.681 W 

2.18 P inc = 0.250 W, P ref = 0.010 W, = 0.240 W 

2.20 (d) Z in = 24.5 + ;20.3 Q, (e) £ min = 0.325A, (f) £ max = 0.075A. 

2.23 Z L = 99 - ;46 £2 

2.29 P s = 0.600 W, P loss = 0.0631 W, P L = 0.1706 W 

3.5 loss = 0.45dB, A0 = 2331° 

3.6 I ~ 10.3 cm 
3.9 / c = 5.06 GHz 

3.13 / c (TEn) = 17.94 GHz, f c (TE 0 i) = 37.35 GHz 
3.15 fe c a = 3.12 

3.19 W = 0.217 mm, k g = 4.045 cm 

3.20 W - 0.457 mm, k g = 4.525 cm 

3.21 I = 2.0754 cm, Z in = 0.27 - j 12.82 £2 

3.27 Dp = 2.37 x 10 8 m/sec, v g = 1.83 x 10 8 m/sec 

4.4 y+ = ioZ90°, yf = o, z^ = 50/90° 

4.14 (d) 1L = 10.5 dB, delay = 45°, (e) r = 0.018/90° 
4.18 IL = 8.0 dB, delay = 90° 

4.20 Pl = 1.0 W 

4.24 V L = l/-90° 

4.30 A = 0.082 cm 

5.1 (a) C = 0.0568 pF, L = 9.44 nH or L = 7.10 nH, C = 0.298 pF 

5.3 d = 0.22761, 1 = 0.3776A or d = 0.4059A, I = 0.1224A 

5.6 d = 0.174A, € = 0.3531 or d = 0.48 U, £ = 0.147A 
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5.9 l\ = 0.086A, l 2 = 0.198A. or l x = 0.375A, £ 2 = 0.375A 
5.14 error = 4% 

5.17 Zi = 1.1067Z 0 , Z 2 = 1.3554Z 0 
5.21 Zi = 1.095 Z 0 , Z 2 = 1.363 Z 0 
5.24 RL < 6.4 dB 

6.1 /o = 800 MHz, g 0 = 100, g L = 50 

6.5 go = 138 

6.9 f m = 9.965 GHz, Q m = 6349 

6.14 a = 2.107 cm, d = 2.479 cm, Q 0 = 1692 

6.18 / 0 = 7.11 GHz 

6.21 (c) f 0 = 93.8 GHz, Q c = 92, 500 

7.3 RL = 20 dB, C — 15 dB, D = 30 dB, L = 0.5 dB 
7.8 change = 1.2 dB 

7.13 s — 5.28 mm, ro — 3.77 mm 

7.19 s = 0.20 mm, w = 0.6 mm 

7.22 s = 1.15 mm, w = 1.92 mm, £ = 6.32 mm 
7.32 V~ = V~ = V~ = 0, V~ = V~ = -;'0.707 

8.6 R = 2.66, C = 0.685, L = 1.822 

8.7 7Y = 5 

8.8 Li = L 5 = 1143 nH, C 2 = C 4 = 0.928 pF, L 3 = 0.877 nH 
8.10 attenuation = 11 dB 

8.16 pti = pi 5 = 29.3°, pi 2 = PU = 29.4°, ££ 3 = 43.7° 

8.18 attenuation = 30 dB 

8.19 bandwidth about 1.9:1 

8.23 7Y = 3 

9.1 (b) ix — 6.55/xo, k — 4.95/xo 

9.4 H a = 500 Oe 
9.6 L = 1.403 cm 

9.8 229 Oe < H 0 < 950 Oe 
9.12 (a) H 0 = 2204 Oe, (b) H 0 = 2857 Oe 

9.15 L = 23.5 mm 

9.17 L — 44.5 cm 

9.18 L — 9.2 cm 

10.1 F = 7.0dB 
10.4 ,F cas = 4.3 dB 

10.7 (a) F = 6 dB, (b) F = 1.76 dB, (c) F = 3 dB 

10.14 ration 6 dB 

10.15 OIP 3 = 20.8 dBm (coherent) 

10.17 LDR = 74.5dB 

10.18 LDR - 86.7 dB, SFDR = 57.8 dB 

11.2 ON: IL = 0.42 dB, OFF: IL = 1 1 .4 dB 

11.3 ON: IL = 0.044 dB, OFF: IL= 18.6 dB 

11.7 R t = 12.2 £2, C gs = 0.84 pF, R ds = 213 £2, C ds = 0.51 pF, g m = 54 mS 

12.1 (b) G A = 0.5, G T = 0.444, G = 0.457 

12.4 C L = 4.00/96°, R L = 3.60, K = 0.275 
12.6 A and C are unconditionally stable 
12.9 G T = 10.5 dB 
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12.13 -2.9 dB < G T - G TU < 4.3 dB 

12.15 G T = 19.4 dB 

12.21 N opt = 8.4 

13.3 e min = 14 

13.8 L - 2.5 nH results in fi = -0.931 

13.9 (a) = -181 dBc/Hz, (b) if = -153 dBc/Hz 

13.12 if = -121 dBc/Hz 

13.17 f m = 1974 MHz or 1626 MHz 

14.2 D = 5.7 dB 

14.4 D = 33.6 dB 
14.6 r] md = 65% 
14.8 G/T = 9.7 dB/K 

14.11 = 15.2 km 

14.13 R = 1.9 x 10 9 m (for SNR = 0 dB) 
14.17 80-1600 Hz 

14.23 \E\= 990 V/m 



Index 



A 

ABCD parameters, 188-191 

table for basic circuits, 190 

table for conversions, 192 
Admittance inverter, 421^-22 
Admittance matrix, 174-178 

table for conversions, 192 
AM modulation, 528 
Ampere's law, 8 
Amplifier design, 571-601 

balanced, 586-588 

differential, 593-596 

distributed, 588-593 

low-noise, 580-585 

maximum gain, 571-575 

maximum stable gain, 572 

power, 596-601 

specified gain, 575-579 

stability, 564-570 
Amplitude shift keying (ASK), 681-684 
Anisotropic media, 11-12 
Antenna 

aperture efficiency, 665 

directivity, 663 

effective aperture area, 665-666 
gain, 664-665 
G/T, 671 

noise temperature, 669-671 

pattern, 662-664 

radiation efficiency, 664 

types, 659-660 
Aperture efficiency, 665 
Aperture coupling, 215-221, 302-305 
Attenuation 

atmospheric, 702-703 

transmission line, 78-85 
Attenuation constant for 

circular waveguide, 125, 126-128 



coaxial line, 80 

dielectric loss, 101-102 

microstrip line, 149-150 

parallel plate waveguide, 107, 108-109 

plane wave in lossy dielectric, 17-18 

rectangular waveguide, 115, 116 

stripline, 143-144 
Attenuator, 179-180 
Available power gain, 559-562 

B 

Background noise temperature, 666-668 
Balanced amplifiers, 586-588 
Balun, 594 
Bandpass filters 

coupled line, 426^136 

coupled resonator, 437-447 

lumped element, 411-415 
Bandstop filters 

coupled resonator, 437^-41 

lumped element, 411-414 
BARITT diode, 539 
Bessel functions, 715-717 

zeroes of, 123, 126, 717 
Bethe hole coupler, 334-338 
Binary phase shift keying (BPSK), 682-683 
Binomial coefficients, 253 
Binomial filter response, 400, 402^104 
Binomial matching transformer, 252-256 
Biological effects, 706-708 
Bit error rate, 681-684 
Bipolar junction transistor (BJT), 540-543 
Black body, 697 
Bloch impedance, 384 
Bode-Fano criterion, 267-269 
Boltzmann's constant, 498 
Bounce diagram, 87-89 
Boundary conditions, 12-15 
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Brewster angle, 37 

Brightness temperature, 666-668 

C 

Cavity resonators 

cylindrical cavity, 288-293 

dielectric resonator, 293-297 

rectangular cavity, 284-288 
Cellular telephone systems, 2-3, 684-686 
Characteristic impedance, 50-51, 171 

coaxial line, 56 

microstrip line, 148 

parallel plate line, 100 

stripline, 142 
Chebyshev 

filter response, 400-401, 404^105 

matching transformers, 256-261 

polynomials, 257-258 
Chip capacitor, resistor, 233-234 
Choke 

bias, 531,542, 545 

flange, 121 
Circular cavity (see Cavity resonators) 
Circular polarization, 24-25, 458-460 
Circular waveguide, 121-130 

attenuation, 125, 126-128 

cutoff frequency, 124, 126-128 

propagation constant, 124, 126, 128 

table for, 128 
Circulator 

ferrite junction, 487-493 

general properties, 318-319, 487-488 
Complementary metal oxide semiconductor 

(CMOS), 543 
Coaxial connectors, 134 
Coaxial line 

attenuation constant, 80, 82-83 

characteristic impedance, 56 

data for standard lines, 721 

distributed line parameters, 53-54 

field analysis, 54-56, 130-133 

higher-order modes, 131-133 

power capacity, 160 

propagation constant, 56 
Common Mode Rejection Ratio, 596 
Composite filters, 396-399 
Compression point, 512-513 
Computer aided design (CAD), 202 
Conductivity, 10 

table for metals, 719 
Conductor loss, 26-28 
Conjugate matching, 77-78, 187, 571-575 
Connectors, coaxial, 134 
Constant gain circles, 575-579 



Constant-k filters, 390-393, 397 
Constant noise figure circles, 580-582 
Conversion loss, mixer, 639 
Coplanar waveguide, 159-160 
Coupled lines, 347-351 

characteristic impedance, 348-35 1 

couplers, 351-362 

filters, 426-436 
Couplers (see Directional couplers) 
Coupling 

aperture, 215-221, 302-305 

coefficient, 298-299, 619 

critical, 299 

resonator, 297-305 
Crossed-guide coupler, 371-372 
Current 

displacement, 7 

electric, magnetic, 6, 8-9 
Cutoff frequency 

circular waveguide, 124, 126-128 

parallel plate waveguide, 105, 108 

rectangular waveguide, 113, 116 
Cutoff wavelength, 105, 109, 117, 128 

D 

DC block, 530-531, 642-643 
Decibel notation, 62-63 
Demagnetization factor, 462-463 
Detector, 525-529 

sensitivity, 528 
Dicke radiometer, 700-701 
Dielectric constant, table, 719 
Dielectric loaded waveguide, 119-120, 153-154 
Dielectric loss, 26-27 
Dielectric loss tangent, table, 719 
Dielectric resonator oscillators, 617-622 
Dielectric resonators, 293-297 
Dielectric strength for air, 160-161 
Dielectric waveguide, 159 
Differential amplifier, 593-596 
Differential mixer, 650-652 
Digital modulation, 681-684 
Diode 

BARITT, 539 

detectors, 525-529 

Gunn, 538 

IMPATT, 539 

I-V curve, 526, 538 

mixer, 642-643 

multipliers, 628-633 

PIN, 530-531 

Schottky, 525-529 

switches, 531-534 

Varactor, 537 
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Directional couplers, 320-323 

Bethe hole, 334-338 

coupled line, 351-362 

Lange, 359-362 

Moreno crossed-guide, 372 

multihole waveguide, 338-343 

quadrature, 343-346 

Riblet short slot, 373 

ring hybrid, 362-367 

Schwinger reversed phase, 372-373 

tapered line, 367-371 
Directivity 

antenna, 663 

coupler, 322-324 
Discontinuities, 203-205, 209-210 

microstrip, 205, 209-210 

waveguide, 204 
Dispersion, 80, 150, 155 
Distortionless line, 80-81 
Double sideband modulation (DSB), 638 
Dynamic range, 497, 511, 519-521 

E 

Effective aperture area, 665-666 

Effective isotropic radiated power (EIRP), 674 

Effective permittivity, microstrip, 148 

Efficiency 

aperture, 665 

power added, 597 

radiation, 664 
Electric energy, 25 
Electric field, 6 
Electric flux density, 7 
Electric polarizability, 217 
Electric potential, 98-99 
Electric susceptibility, 10 
Electric wall, 14-15 
Electromagnetic spectrum, 2 
Elliptic filter, 401 
Emissivity, 697 
Energy, electric, magnetic, 25 
Energy transmission, 705-706 
E-plane T-junction, 325 

Equal ripple filter response, 400-401, 404-405 
Equivalent voltages and currents, 166-170 
Even-odd mode characteristic impedance, 
348-351 

Exponential tapered line, 262-263 
Extraordinary wave, 470-47 1 

F 

Fabry-Perot resonator, 315 
Fade margin, 675 
Far field, 661 

Faraday rotation, 465-469 
Faraday's law, 8 



Ferrite devices 

circulators, 487-493 

gyrator, 486-487 

isolators, 475-482 

loaded waveguide, A11-A15 

phase shifters, 482^186 
Ferrites, 451 

loss in, 460-462 

permeability tensor for, 457 

plane wave propagation in, 465^-71 

table of properties, 720 
Field effect transistor (FET), 543-547 
Filters 

bandpass, 411-415, 426-447 

bandstop, 411-414, 437-441 

composite, 396-399 

constant-k, 390-393, 397 

coupled line, 426-436 

elliptic, 401 

high pass, 397,410 

high-Z, low-Z, 422-426 

implementation, 415^122 

linear phase, 401, 406-408 

low pass, 390-399, 410-412 

m-derived, 393-396, 397 

scaling, 408-411 

transformations, 410-415 
Flanges, waveguide, 120-121 
Flow graph, 194-198 
Frequency bands, 2, 685 
Frequency multipliers, 627-636 
Frequency shift keying (FSK), 681-683 
Friis power transmission formula, 673-674 

G 

Gain (also see Power gain) 

amplifier, 562-564 

antenna, 664-665 

compression, 512-513 

two-port power, 558-564 
Gilbert cell mixer, 652 
Global Positioning System (GPS), 687-688 
Group delay, 401 
Group velocity, 155-157 

for periodic structures, 386 

for waveguide, 157 
G/T, 671 
Gunn diode, 538 
Gyrator, 486-487 
Gyromagnetic ratio, 453 
Gyrotropic medium (see Ferrites) 

H 

Helmholtz equations, 15-16 
High electron mobility transistor (HEMT), 
546-547 
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Hertz, H., 4 

Heterojunction bipolar transistor (HBT), 

542-543 
High pass filters 

constant-k, 392, 397 

m-derived, 397 

transformation to, 410 
High-Z, low-Z filters, 422-426 
History, of microwave engineering, 4-6 
H-plane T-junction, 325 
Hybrid junctions 

coupled line, 351-359 

quadrature, 343-346 

ring (rat-race), 363-367 

scattering matrix, 313-314, 343, 363 

tapered coupled line, 367-371 

waveguide magic -T, 361 

I 

Image frequency, 638-639 

Image impedance, 388-390 

Image parameters, filter design using, 

390-399 
Image theory, 42-44 
IMPATT diode, 539 
Impedance 

characteristic, 50-51, 171 

concept of, 170-171 

image, 388-390 

intrinsic, 17 

wave, 17, 18, 99, 100, 101 

waveguide, 100, 101 
Impedance inverter, 421-^122 
Impedance matching, 228-229 

Bode-Fano criterion, 267-269 

double stub, 241-246 

L-section, 229-233 

multisection transformer, 251-261 

quarter wave transformer, 72-75, 246-249 

single stub, 234-241 

tapered line, 261-267 
Impedance matrix, 174-178 

table for conversions, 192 
Impedance transformers (see Impedance 
matching) 

Incremental inductance rule, Wheeler, 83-85 
Inductive degeneration, 583 
Insertion loss, 62 

Insertion loss method for filter design, 399-408 
Intermodulation distortion, 513-519 
Inverters, admittance, impedance, 421-422 
Iris, waveguide, 203 
Isolators 

field displacement, 479-482 

resonance, 476-479 



J 

Junction circulator, 487-493 
K 

Kittel's equation, 464 
Klopfenstein tapered line, 264-265 
Klystron, 553-554 
Kuroda identities, 416^19 

L 

Lange coupler, 359-362 

Linearly polarized plane waves, 15-23 

Linear dynamic range, 519-521 

Linear phase filter, 401, 406^108 

Line parameters (per unit length), 51-53 

Linewidth, gyromagnetic resonance, 460 

Link budget, 674-676 

Link margin, 675 

Load pull contours, 598 

Loaded Q, 277 

Loaded waveguide 

dielectric loading, 119-120, 153-154 

ferrite loading, 471-475 
Loss (see also Attenuation constant) 

conductor, 26-28 

dielectric, 26-27 

ferrite, 460-462 

insertion, 62 

return, 58 
Loss tangent, 1 1 

table, 719 
Lossy transmission lines, 79-82 
Low pass filters 

constant-k, 390-393, 397 

high-Z, low-Z, 422-426 

m-derived, 393-396, 397 

prototype, 401-408 
L-section matching, 229-233 

M 

Magic-T, 323, 371 
Magnetic energy, 25 
Magnetic field, 6 
Magnetic flux density, 7 
Magnetic polarizability, 217 
Magnetic susceptibility, 1 1 
Magnetic wall, 15 
Manley-Rowe relations, 628-631 
Matched line, 57 

Matching (see Impedance matching) 
Material constants 

table of conductivities, 719 

table of dielectric constants and loss tangents, 
719 

table of ferrite properties, 720 
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Maximally flat filter response, 400, 402-404 

Maximum power capacity, 134, 160-161 

Maximum stable gain, 572 

Maxwell, J., 4-5 

Maxwell's equations, 4, 6-10 

m-derived filters, 393-396, 397 

MEMs, 551-552 

Metal semiconductor FET (MESFET), 543, 

544-546 
Microstrip, 147-153 

attenuation, 148-149 

characteristic impedance, 148 

coupled, 350 

discontinuities, 205, 209-210 

effective permittivity, 148 

higher order modes, 150-152 

propagation constant, 147-148 
Microwave heating, 705 
Microwave integrated circuits (MIC), 547-550 

hybrid, 548 

monolithic (MMIC), 548-550 
Microwave oven, 705 
Microwave sources, 538-540, 552-556 

Gunn diode, 538 

IMPATT diode, 539 

oscillators, 605-622 

tubes, 552-556 
Microwave tubes, 552-556 

backward wave oscillator, 554 

crossed-field amplifier, 555 

extended interaction oscillator, 554 

gyratron, 555 

klystron, 553-554 

magnetron, 552, 554 

traveling wave tube, 554 
Mixers, 526, 637-654 

antiparallel diode, 653 

balanced, 646-649 

conversion loss, 639 

differential FET, 650-652 

diode, 642-643 

double balanced, 652-653 

FET, 643-645 

Gilbert cell, 652 

image rejection, 649-650 

image response, 638-639 
Modal analysis, 203-209 
Modes 

cavity modes, 284-287, 288-292 

circular waveguide, 121-128 

parallel plate waveguide, 102-110 

rectangular waveguide, 110-120 
Modulation, 528-529, 681-684 
Metal oxide semiconductor FET (MOSFET), 
543, 546 



Multiple reflections, on quarter wave 

transformer, 74-75 
Multipliers (see Frequency multipliers) 

N 

Negative resistance oscillators, 613-615 
Neper, 62-63 
Network analyzer, 188 
Noise, 496-511 

figure, 502-511 

phase, 622-627 

sources, 497-498 

temperature, 498-502 
Noise figure, 502-511 

circles, 557-561 

of cascade, 504-505 

of lossy line, 503-504, 508-509 

of mismatched amplifier, 510-511 

of mixer, 640-641 

of passive network, 506-508 

of transistor amplifier, 580-582 

O 

Ohm's law for fields, 10-11 

Open circuit stub, impedance, 60-61 

Oscillators 

crystal, 612-613 

dielectric resonator, 617-622 

negative resistance, 613-615 

transistor, 605-613, 615-622 

P 

Passive intermodulation (PIM), 519 
Parallel plate waveguide, 102-1 10 

attenuation, 107, 108-109 

characteristic impedance (TEM), 104 

table for, 109 
Periodic structures 

analysis, 382-385 

k-P diagram, 385-386 

phase and group velocities, 386 
Permanent magnets, 464-465 
Permeability, 7, 12 

tensor, for ferrite, 457 
Permittivity, 7,11 

of atmosphere, 701 
Perturbation theory for 

attenuation, 82-83 

cavity resonance, 306-312 

ferrite loaded waveguide, 474 
Phase constant (see Propagation constant) 
Phase matching, 36 
Phase noise, 622-627 
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Phase shifters 

Faraday rotation, 485 

loaded line, 535-536 

reflection, 536-537 

Reggia-Spencer, 486 

remanent (latching), 482-485 

switched line, 534-535 
Phase velocity 

plane wave, 16 

transmission line, 5 1 

waveguide, 104, 105, 109, 113, 117, 128 
Phasor notation, 8-9 
Physical constants, table, 7 1 8 
PIN diodes, 530-531 

phase shifters, 534-537 

switches, 531-534 
Plane waves, 16-25 

in conducting media, 19 

in ferrites, 465-471 

in general lossy media, 17-18 

in lossless dielectric, 16-17 

reflection, 28-40 
Plasma, 704 
Polarizability, 217 
Polarization, wave, 24 
Power, 25-28 

Power added efficiency (PAE), 597 

Power amplifiers, 596-601 

Power loss, 26-27,31-32 

Power capacity of transmission line, 160-161 

Power divider (see also Directional coupler) 

resistive, 326-328 

T-junction, 324-326 

Wilkinson, 328-333 
Power gain, 558-564 
Power waves, 185-188 
Poynting's theorem, 24-25 
Poynting vector, 26 
Precession, magnetic dipole, 453^-56 
Probe coupling, 214-215 
Propagation 

atmospheric effects, 701-702 

ground effects, 703-704 

plasma effects, 704 
Propagation constant for 

circular waveguide, 124, 126, 128 

coaxial line, 56 

microstrip line, 147-148 

parallel plate guide, 98, 104, 108, 109 

plane waves in a good conductor, 19, 20 

plane waves in lossless dielectric, 16, 20 

rectangular waveguide, 112, 115, 117 

stripline, 142 

TEM modes, 98 

TM or TE modes, 100-101 



Q 

Q, 274, 277-278 

for circular cavity, 291-292 

for dielectric resonator, 297 

for rectangular cavity, 286-287 

for RLC circuit, 274, 276, 278 

for transmission line resonator, 280, 282, 283 

from resonator measurements, 305-306 
Quadrature hybrid, 343-346 
Quadrature phase shift keying (QPSK), 682 
Quarter-wave transformers 

multiple reflection viewpoint, 74-75 

multisection, 251-261 

single-section, 72-75, 246-249 

R 

Radar systems, 690-695 
Radar cross section, 695-696 
Radiation 

condition, 15 

efficiency, 664 

hazards, 706-707 

patterns, 662-663 
Radiometer systems, 696-701 
Rat-race (ring hybrid), 363-367 
Receivers, 676-680 

Reciprocal networks, 175-176, 181-182 
Reciprocity theorem, 40-42 
Rectangular cavity (see Cavity resonators) 
Rectangular waveguide, 110-120 

attenuation, 115, 116 

cutoff frequency, 113, 116 

group velocity, 157 

maximum power capacity, 160-161 

phase velocity, 113, 117 

propagation constant, 112, 115, 117 

table for, 117 

table of standard sizes, 720 
Rectification, 525-528 
Reflection coefficient, 29, 57 
Reflectometer, 374-375 
Remanent magnetization, 464, 483 
Resonant circuits, 272-277 
Return loss, 58 

Richards' transformation, 416 
Ridge waveguide, 158-159 
Root-finding algorithms, 139-140 

S 

Saturation magnetization, 455 
Scattering matrix, 178-185 

for circulator, 318-319, 487-488 

for directional coupler, 320-323 

generalized, 185-188 

for gyrator, 486 

for quadrature hybrid, 343 
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for ring hybrid, 363 

shift in reference planes, 184-185 

table for conversions, 192 
Schwinger reversed phase coupler, 372-373 
Separation of variables, 20-21, 1 1 1-1 12, 

119-120, 122-123, 130-131, 132 
Short circuit stub impedance, 59 
Signal flow graphs, 194-198 
Single sideband modulation, 638 
Skin depth, 19 
Slotline, 159 
Slotted line, 68-72 
Small reflection theory, 250-252 
Smith chart, 63-68 
Snell's law, 36 

Sources (see Microwave sources) 
Scattering parameters (see Scattering matrix) 
Specific Absorption Ratio (SAR), 707 
Spectrum analyzer, 529-530 
Spurious free dynamic range, 519-520 
Stability 

amplifier, 564-570 

circles, 564-567 
Standing wave ratio (SWR), 58 
Stepped impedance filters, 422-426 
Stripline, 141-147 

approximate analysis, 144-147 

attenuation, 143 

characteristic impedance, 141 

coupled, 349-350 

propagation constant, 142 
Surface current, 9-10, 13-14 
Surface impedance, 33-34 
Surface resistance, 28, 33 
Surface waves 

at dielectric interface, 38-40 

of dielectric slab, 135-139 
Switches, PIN diode, 531-534 

T 

Tapered coupled line hybrid, 367-371 
Tapered transmission lines 

exponential taper, 262-263 

Klopfenstein taper, 264-265 

triangular taper, 263-264 
Telegrapher equations, 49, 55 
TEM waves and modes 

attenuation due to dielectric loss, 98 

plane waves, 16-25 

propagation constant, 16, 18, 19, 98 

transmission lines, 54-56 

wave impedance, 17, 18, 56, 99 
TE, TM modes 

attenuation due to dielectric loss, 101-102 

propagation constant, 96-97 

wave impedance, 96-97 



Terminated transmission line, 56-62 

input impedance, 59 

reflection coefficient, 57 

voltage maxima and minima, 58 
Third-order intercept, 515-518 
T-junction, 324-326 
Total reflection, plane wave, 38-40 
Transducer power gain, 559-561 
Transistor 

amplifier, 571-601 

characteristics, 540-547 

mixer, 643-645, 650-652 

models, 541, 544 

multipliers, 633-636 

oscillator, 605-613, 615-622 

types, 540-547 
Transmission coefficient, 29, 62 
Transmission line 

equations, 49 

input impedance, 59 

junctions, 62 

parameters, 51-54 
Transmission line resonators, 278-284 
Transmission lines 

coaxial, 53-56, 130-133 

microstrip, 147-153 

parallel plate, 54, 102-110 

stripline, 141-147 

transients on, 86-89 

two-wire, 54 
Transverse resonance method, 153-154 
Traveling wave amplifier (see Amplifier design) 
Traveling waves 

plane waves, 16 

on transmission lines, 50 
Through-Reflect-Line (TRL) calibration, 
197-202 

Two-port networks, equivalent circuits, 
191-194 

Two-port power gains (see Power gain) 
U 

Unilateral device, 541 

Unilateral figure of merit, 576 

Unilateral transducer power gain, 561, 563 

Unitary matrix, 181 

Unit element, 417 

Unit matrix, 180 

Unloaded Q, 274 

V 

Varactor diode, 537 
Velocity (see Wave velocities) 
Voltage standing wave ratio (see Standing wave 
ratio) 



732 Index 



W 

Wave equation, 16, 18,20 

Waveguide (see Rectangular waveguide; 

Circular waveguide; Loaded waveguide; 
Parallel plate waveguide) 
Waveguide components, 111 

directional couplers, 334-343, 372-272 

discontinuities, 204 

isolators, 476^182 

magic-T, 323, 371 

phase shifters, 482-486 

T-junctions, 325 
Waveguide excitation by 

apertures, 215-221 

arbitrary sources, 212-214 

current sheets, 210-212 
Waveguide flanges, 120-121 
Waveguide impedance, 100, 101 



Wavelength 

in free-space, 16-17 

on transmission line, 5 1 

for waveguide, 105, 109, 113, 117, 128 
Wave velocities 

group, 155-157, 386 

phase, 16, 51, 104, 105, 109, 113, 117, 128 
Wheeler incremental inductance rule, 83-85 
Wilkinson power divider, 328-333 
Wireless systems, 671-672, 684-690 

Y 

YIG-tuned oscillator, 605 
Y-parameters (see Admittance matrix) 

Z 

Z-parameters (see Impedance matrix) 




USEFUL RESULTS 



Maxwell 's equations: 



V x E — -jco/xH - M V • D = p 

V x H = jcoeE + J V • B = 0 



Surface resistance and skin depth: 



COLL 

R s=J— S s =„ 

V 2(7 V &) M cr 

/npztf impedance of terminated lossless transmission lines: 

Z L +jZ Q tan pi 

Z in = Z 0 — (arbitrary load) 

Z 0 + ; Z L tan y6£ 

Zi n = J Zo tan /J^! (short-circuited line) 

Z; n = — jZo cot /?£ (open-circuited line) 

Relations between load impedance and reflection coefficient: 

Z L - Z 0 1 + r 

r - — z L = z 0 

z L + z 0 L l - r 

Definitions of return loss, insertion loss and SWR: 

RL = -201og|r|, IL = -20 log|r|, SWR = j-±-j£j 
Conversion between dB and nepers: 

1 neper = 8.686 dB 
Elements of the ferrite permeability tensor: 



(t = W 1 + ^ " <yo = /*OK#0 

co 2 -co 2 J 

co m = noyM s 



COCO, 



k — i-iQ - m (or 2.8 MHz/Oersted) 

^0" 



cox — (De- 



conversion between some values of reflection coefficient, SWR, and return loss: 



in 

SWR 
RL (dB) 



0.024 0.032 0.048 0.050 0.056 0.10 0.178 0.200 0.316 0.33 
1.05 1.07 1.10 1.11 1.12 1.22 1.43 1.50 1.92 2.00 
32.3 30.0 26.4 26.0 25.0 20.0 15.0 14.0 10.0 9.6 



The ABCD Parameters of Some Useful Two-Port Circuits. 



Circuit 



ABCD Parameters 



-o 
-o 



A = 1 
C = 0 



A = 1 
C = Y 



A = cos Bl 

c = ;r 0 sin^ 



B 
D 



Z 
1 



B = 0 
L» = 1 



B = 7'Z 0 sin/ 
£» = cos Bl 



N: 1 



A = N 

c = o 



1 + 



>2 
*3 



C = Yy + Y 2 + 
A 



YiY 2 
Y 3 



1 + 



Z\ 



Z 3 



B 
D 



B 



0 
1 

N 
1 

Y~3 



D=l + 



Yl 



Y3 

Z { +Z 2 + 

. . z 2 



z x z 2 
z 3 




VECTOR ANALYSIS 



Coordinate Transformations 

Rectangular to cylindrical: 



Rectangular to spherical: 



Cylindrical to spherical: 







X 


y 


z 




p 


COS(p 


sin (j> 


0 




4> 


— sin</> 


co&4> 


0 




z 


0 


0 


1 






X 


9 


z 


r 


sin 


9cos(j> 


sin 9 sin <f> 


cos 9 


9 


cos 


9 cos <p 


cos 9 sin 4 


— sin 9 




— sin</> 


cos<p 


0 






P 


$ 


z 




f 


sin0 


0 


cos 9 




e 


cos 9 


0 


— sin 9 




$ 


0 


1 


0 



These tables can be used to transform unit vectors as well as vector components; e.g.. 

p — x cos 4> + y sin (/> 
A p — A x cos <p + A y sin <j> 



Vector Differential Operators 



Rectangular coordinates: 



.df df df 

V/ = x h y h z — 

dx dy dz 



- dA x dA y dA z 
V • A = — - + — y - + — - 

dx dy dz 



V x A 



\dy dz ) 



. 9A Z 



+ >' 



V 2 / = 



\ 9z 9x 

9 2 f 9 2 f d 2 f 
9x 2 dy 2 dz 2 



\ /9A, 9AA 



V 2 A = i V 2 A^ + y V 2 A y + zV 2 A z 



Cylindrical coordinates: 



dp p 90 dz 

19 1 dAs dA 7 

V- A = - — (pA p ) + — -f + — ^ 
p 3p p 30 9z 



V x A 



9A Z 9A 0 



90 



3z 



+ 0 



/9Ap 
V dz 



9A, 
9p 

2 



+ z- 



1 



9(pA 0 ) 3A/ 
9p 90 



2 _ 1 9 / 3/\ 1 d l f 

V f ~ pdp~\ p dp~) + ~p^W + 



9V 

9z 2 



V 2 A = V(V • A) - V x V x A 



Spherical coordinates: 



„ 3/ - 1 9/ 0 3/ 

V/ - r— +6-— + — - 

9r r 90 r sin# 90 



1 9 



1 



-(sineAe) + 



1 9A 0 
r sin 6 30 



V x A = 



r sin 6 



9 • m 9A e 
-(A.sm^)- — 



+ 



1 dA r 9 
sin6> 90 9r 



r 2 9r \ 9r / r 2 si 



3 



sin (9 d6 



9(9 



(rA 0 ) 



+ 



+ 



9 , ^ 9A ' 
9r d6 



d 2 f 



■2cir,2g) 902 



sin 



V 2 A = VV-A-VxVxA 



